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Cross—-Reference_ to Related Application
This is a continuation-in-part of Application
07/374,958  (June 30,  1989)  which is a
15 continuation-in-part of. Application 07/285,379
(December 15, 1988) which is a continuation of
Applications 07/170,070 - (March 14, 1988), 07/067,381
(June 24, 1987), and 06/914,169 (October 1, 1986) the
latter being a continuation-in-part of Application
20 06/781,225 (September 27, 1985).

Background of the Invention
Collagen connective tissue is ubiquitous in the

human body and demonstrates several unique

25 characteristics not found in other tissues. It
proviaés the cohesiveness and tenacity of the musculo-
skeletal system, the structural integrity of the
viscera, as well as the elasticity of the integument.

Most endothelial-lined structures of the body have

30 collagen cores for specific functional purposes.
Collagen cores are found in structures as diverse as

the trabecular meshwork of the agqueois filtration

system of the eye, and the valves of the heanti The

walls of the great vessels share their collagen

35  integrity with the ligamentous boﬁy attachments and the
tendinous or sinewy muscular attachments to the long

bones. The cornea of the eye is a unique example of
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t he aqueous filtration
connective tissue with unique physical propertles of

"high tensile strength and substantial elasticity. The

10 extracellular matrix of this tissue consists of compllex

macromolecules, the biosynthesis of which involves

several specific reactions that are often under

stringent enzymatic control. The cross-linking is.

mediated, for example, by the copper-dependent enzyme

15 1lysyl-oxidase, and can be inhibited by chemicals such

as B—amihoproprionitrile, as well as by various types

. of energy such as heat and photonic radiation. The net

accumulatioh of collagen connective tissue is then

dependent , upon the precise balance between the

20 synthesis and degradation of the connective tissue
components. '

A pi:eviou_sly recognized property of hydro-thermal
shrinkage of cbllagen fibers when elevated in
temperature to the range 60° to 70°C (an increase of

25 about 30°C above normal body temperature) is but one of
the unique characteristics of this tissue not exhibited
by other body tissues. Temperature elevation ruptures
the coilagén ultrastructural stabilizing cross-links,
and results in immediate contraction in the fibers to

30 about one-third of their original lineal dimension,
while increasing the caliber of the individual fibers
without changing the structural in_t_e'érity- of the
connective tissue. | ‘i

The present invention is directed to a method and

35 apparatus for effecting controlled lineal contraction

or shrinkage of collagen fibers to provide a multitude
of nondestructive and beneficial structural changes and
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systeﬂ‘ls HH the valves of the heart. The “walls of the
gr eat heir col |l agen 35 integrity with the |igamentous
bony at the t endi nous orzflnemy muscul ar attachnments to
the | ong bones "The cornea. of the eye I s a uni que exanpl e of

Ezzaecountl ngC?lJIraq.T?htC&g‘gf}%%v ﬂ:ﬁi# %%I CE gscor n?ﬁSSt r"%%ntc‘cﬁ'heé}as
denonstrating a mnpix¢a¢m9aremntnﬁ clbesatlon of collagen connective
tissue throughout the body, and will be described with
specific reference to correction of refractive

5 _ :disorders of the cornea of the eye.

These applications have received some discussion
in existing literature, but presently known techniques
do not provide an adequate basis for effective use of
this knowledge of the properties of collagen as a safe

10 _ and predictable treatment method.

The cornea is a layered structure which provides
the majorlty of the eye's refractive or focusing power
for incoming light rays which are transmitted through
the crystalline lens of the eye to light-sensitive

15 receptors of the retina. The corneal layers, from
outer to inner surfaces, include the epithelium,
Bowman's membrane, a relatively thick central stroma
formed of cross-oriented collagen ribbons or sheets,
Descemet's membrane, and the endothelium. The as-yet

20 unmet challénge is to achieve a thermal profile within
the stroma to attain controlled, predictable collagen
shrinkage and resulting corneal shape change and
adjustment of refractive effects without damaging the
adjacent layers.

25 An earlier approach to corneal reshaping to
correct vision defects involved direct application of
a heated probe to the corneal epithelium to transmit
heat to the stromal ¢ollagen fibers. This technique,
sometimes called thermokeratoplasty or TKP, was

30 substantially unsuccessful in that peak temperatures
were'necessarily achieved in the outer corneal layers
rather than in.the stroma where the beneficial effect
of collagen heating was desired. The most seriocus and
discouraging problem was irreparable temperature damage

35 to the corneal epithelium and its basement membrane,
with consistent findings of thermal dissolution and
persistent defects in this membrane. This has resulted
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orjented individual sheets or |anellae of collagen with 5 a high (about

7099 water content and | esser (about 8% amounts of protein and

muco- pol ysacchari des. . | nt er nol ecukar cross-1Iinks provi de

col | agen connective tissue with unique physical properties of
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of
collagen fibers %@ﬁceel‘éf/atx-gﬁ qqq:nea. Thenfdiermal PEofider mpgt be
60[err] to 70[err cont¥dlled s&¥h{H a narrow peak range of 5° to 7°C in

- 10 order to destabilize the covalent bonding (or to
disrupt  interchain hydrogen Dbonds) of  this
triple-helical collagenous domain to achieve desired
shrinkage, and without significantly traumatizing the
keratocytes or denaturing the collagen fibrils. The

15 thermal trauma associated with earlier efforts in this
field leads to an acute inflammatory tissue response
which results in the removal of denatured collagen, and
is characterized by the deposition and subsequent
cross-linking of newly elaborated collagen at the site

20 as catalyzéd by the enzyme lysyl oxidase.

| The rapid replacement of contracted collagen
fibers by new mature collagen following trauma results
in the unwanted reversal of the desired corneal
reconfiguration. In the absence of trauma ' the half

25 life of Type I collagen has been shown to be cons:.sten’c
with the life of the experimental animal.

Prior investigations, however, have not considered
the importance of the atraumatic attainment of the
proper thermal profile for protracted or permanent

30 recurving of the cornea in the absence of collagen
fibrillar replacement associated with trauma and the
resulting inflammatory response.. .o

Damage to the endothelial monolayer is the most
disturbing problem encountered when the peak

35 temperature is too far posterior in the cornea.
Factors influencing the quality of this most important

corneal 1ayer mclude the absolute number of viable
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25 “ about 30[err]C above normal' body tenperature) is but 6ne of

t he uni que characteristics of this tissue not exhibited by ot her
body tissues. Tenperature el evation ruptd-es " - the coll agen
ultrastructural stabilizing cross-1inks, and results in imedi ate

contragdtion irendethébtas tells, andbdite amvarpltlalyywfofhtheser iqflis. | i neal
e hang et Er bR T pblF sl ety ek gt
The present i veplacedi Solllowingd traumanet (WermnRS seveppdr stwdies
ibers (o profRISERIPYrT I GALLD snape PlpSlydtih Do dper
struct & al chgphmemexphism) is more closely related to the functional
reserve of this layer than to endothelial cell density,
but in either case complications will result in
persistent edema, bullous keratopathy and loss of
transparency of the cornea. '

10 "~ The problem of confining peak temperature to the
stroma while maintaining acceptably lower temperatures
in the inner and outer adjacent corneal layers is
recognized in the prior art. U.S. Patents 4,326,529
and 4,381,007, for exanmple, disclose use of

15 radio-frequency heating while irrigating the outer
corneal surface with a cooling saline solution.’
Published reports on the technique, however, note
ciliary spasm and fluctuating corneal  power
(topographic : hysteresis) up to two months

20 postoperatively. All patients had stroma scarring.
after the procedure, and the flattening induced was

- short lived. _

The emergence of the laser as a practical tool for
ophthalmologists has led to investigation of the use of

25 coherent energy as a means for achieving corneal shape
change to <correct vision defects. One such
application, essentially unrelated to the present
invention, is disclosed in U.S. Patent 4,431,294 which
proposes the laser as a tissue-destructive (ablative

30 photodecomposition) tool for forming radial corneal
scars in a technique called radial keratotomy.

Use of the laser as a corneal collagen-shrinking
tool has also been disclosed in the 1iteraéure, but not
in the context .of a practical system which avoids

35 = tissue necrosis in .the corneal epithelium, while
providing predictable reconfiguration of the tissue
without loss of transparency. The known technology
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- 3: corrections wthin the body. The invention has

application to the alteration of collagen connective tissue -
t hroughout the body, and will be described wgth specific reference to
correction-of refractive 5 di sorders of the cornea of the eye.

These appl icat i onghvdy Ad€F aoe dd BHEFose € Hifdddiure whidhexv6ibBItissue
literature, but presently kno t echni ques not é)row de . an adequate
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col 'agen as a saf gebtirvimnd prresbet tdra) t teat snekrgyet 4d8tribution, ahe

cornea |2 ol aYer ed S UGHE C S ALRULEY antmt SERERE). Bbe ik o
transm ttel througkposure tettéynsadhd nenérygy bévébe eye to
lTght-sensitive 15 1eeH Y Srlutd Sugdes?® thal By SEBEak1 Y48 et ing™
the absorption coefficient and using heat removal at
the corneal surface, a proper temperature profile can
be achieved in the cornea (high in the stroma and low
10 in both the epithelium and endothelium). Tﬁese studies
conclude that the absorption coefficient must be in the
range of 190 em™ ! for this to occur; this restricts the
range of wavelength interest to 2.6 or 3.9 microns;.and
"that no lasers are commercially available at those
15 wavelengths. This conclusion that the proper thermal
profile is solely wavelength dependent is incomplete
. ' and has discouraged investigation in other wavelength
domains. It is further believed that earlier
investigations have incorrectly assumed that the
20 absorption’ coefficient of corneal stroma is closely
approximated by the absorption coefficient of water.
The present invention recognizes that in addition
to absorption coefficient and anterior surface heat
removal, the footprint of the energy with time
25 significantly influences the temperature profile in the
cornea. Specifically, by using pulsed or burst mode
energy, a proper temperature profile has been obtained
at much lower absorption coefficients (15-120 cm-"lj,
allowing use of lasers operating in the range of 1.80 -
30 2.55 micron wavelengths within today's technology.
| This method avoids the trauma of improper thermal
profiles, and obtains proportional changes from at
least 2 to 13 diopters in refractive i:ower related to
exposure pattern and energy density. This method has
35 been shown to be repeatable in that similar changes in
corneal curvature were observed for similar patterns
and. exposure levels. Significant induced effect has
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outer to inner surfaces, include the epithelium Bowran's nenbrane, a

rel atively thick -central stroma formed of cross-oriented collagen
ri bbons or sheets, Descenet's nenbrane+ and the endot helium The
“as-yet 20 unmet challenge is to achieve a thermal profile within

‘the stronk to atpansﬁsnd&cthrmhghnWMifohbbw-uplmmyastigatiqﬁwihéagéngnd
| t I h f t
resulting corneal SlARGLNRRGE B nare- PHEUSUPLoled ! AR aGRTLBE!S

wi t hout damagi ng 4 | dcent aye ear

to corneal reshadiistunbed. correct vision defects involved: direct
application of a heated probe to the corneal epitheliumto transmt
heat to the stromal coll agen fibers This t echni que, soneti nmes

cal | ed t hr noker Stunma; substantially unsuccessful in

that peak terrperatureh é.rnvte}‘gﬂ:‘;] |n %Sﬁrééé’eé%k& eé/&ﬁ]éé] hh& BHEEF'JVF]C ect

corneal 1layers stronm ene I'clra
of col | agen heattngsw&58@6§m*@ge-bNetthusseofobssandCOherentdeaemgyagnng
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and its basenent nenbra ent f|n I ngs_ of ther
di ssol uti on and mlcrons, 'and preferably in the range of about 2. o to

10 .-2.2 microns, as generated by a solid-state device such
as holmium-doped  yttrium-lithium-fluoride (YLF) or
yttrium-aiuminum-garnet (YAG) crystal laser. This type
of laser is relatively compact and easy to operate, and
is capable of generating energy optimally absorbed

15 within collagen tissue based on the spectral-absorption
coefficients of these wavelengths, without damage or
destruction of adjacent tissue.

. In an ‘ophthalmological context, the invention
relates to laser keratoplasty using a laser having the

20 aforementioned characteristics for collagen shrinkage
and consequent reshaping of the cornea for correction
of vision errors or defects. Irradiation and resulting
heating of the corneal stroma is preceded by
measurement or mapping of <the untreated cornea

25 contours, and computation of the specific corneal
regions to be heated to produce the desired corrective
reshaping. ' _

Timing of energy delivery to the corneal stroma is
an important factor in achieving an intracorneal

30 temperature profile which peaks in the generally
central and anterior portion of the stroma, while
limiting temperature_increases to safe andfnontraumatic
levels in the corneal tissue layers anterior and
posterior of the stroma. The energy ' should be

35 delivered in less than one second, and preferably in -
about 100 milliseconds (pulse or burst modes) to
position the peak temperature correctly within the
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persfstent defects in this nmenbrane. This has resulted

-4- " in faulty epithelial adhesion and recurrent corneal
epithelial erosions. In contrasigio corneal -stroma probl ens
encount er ed i'n previous investigations, the desired nethod herein 5

di‘scl osed1 achi eveerBndlestnede | E&aKiRi §REBERAMIE NS use of irradiating
' " wavelengths in the 1.80 - 2. 55 micron range with
relatively low absorption coefficients in the general

range of 15 to 120 cm 1.
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t he m'dstrorra, and |l owest in the region of Decenet's - nenbrane and the -

endot hel i al nonol ayer on the inner surface of the cornea. The

~thermal profile nust be controll ed wthrf8=a narrow peak range of
5[err] to 7[err]Cin 10 order to destabrlrze the coval ent bonding (or
0 di skupt B 30k gs this.

triple;helical- coll agenoti_.&éioqil{'st? Pi?&ﬂtﬁfséééglonal i nat fh ng%p%b

wi t hout srgnlfrcantlytraurratl eratocytes or

col lagen fibrils. - Thé -1FIG. t elrﬁra'# ﬂ¢mtmm%§'e%eﬂtthné&r Viiew off dihes
in this fiel Q':o'r’?@is to an acute inflammtory t| ssue response

which results in the remval of denatured col | agen,

characterize@ by the depddiG ch @ ek diagran of "éh%séppﬂmth'@ &£ the
new y el aborated collh%eﬁua;n.t he site 20 as catalyzed by the enzyrre

| ysyl  oxi dase. he rapid replacenent of contracted colla '

fi bers by new mature col IFé'@en‘hiﬁ @MD&% refifehe akgexption copff ent of

unwant ed reversal ofyjigh ragal £ t:L ﬁeg N§ heY BaWtORy l{ﬁ

absence of trauma,’ the ﬁ'a &?ﬁ unc o F he Eihas beae‘}néls% to

be consi stent Wi t thII% Iﬁfbsoﬁ Plléte rﬂqmﬁxatm n@levation within
10 the cornea; and

-

FIG. 6 is a block diagram of an optical delivery
systen.

1s5.
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P(iof i nvesti gations, however, have not considered ~ theTh Hag\Besn Béplaced
the atraumatic attai nnent of the proper ther mal proflle
protracted or permanent 30 recurving of_ide cornea in the

col | agen. fibrillar replacenent associated with trauma and

resul ting 1i nf | aWrMJﬁwi%%tlon of the PE‘H?E%:EQ b%o@!l@fgﬂ%??] ' aI

nonol ayer is the nos I st,urbr ng encouniere en - the

peak 35 tenperaturghQSlﬂUSntP&P[ﬁ%%%rhﬁ'd?ﬂcr%HGd(kﬂn§§rms of a
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' nclude the absol%t% éﬁagfcgkgea? but the inventive pr1nc1ples are

5 : applicable to collagen shrinkage in other parts of the

body. - The ‘LKP application is in a sense the most

challenging use of the invention in view of the

critical need to confine the heat field to target

portions of the corneal stroma while avoiding excessive

10 and potentially damaging temperature elevations in the
sensitive tissues adjacent the stroma. |

As a quick review of the anatomy of the eye,
FIG. 1 is a horizontal section of an eye 10 having a
roughly spherical structure with a transparent cornea

15 11 at the forward central portion, the remainder of the

' sphere of the "“eyeball" being white and opaque sclera
12 which is attached to and blends with the periphery
of the cornea. The eye's light-sensitive retina 13
extends alqng the rear and part of the forward inner

20 surface of the sclera, and is connected to an optic
nerve 14 which extends to the brain. |

Positioned behind the cornea is a crystalline lens
16 supported by zonular ligaments 17, and the lens is
capable of shape changes which enable the eye to focus

25 ~ on objects at various ranges. The eye's iris 18 is
positioned between the cornea and lens to divide the
space forward of the lens into an anterior chamber 20
and posterior chamber 21 which are filled with a clear
and watery fluid called aqueous humor. The space

30 behind the lens is filled with a clear gel-like body 22
called vitreous humor. ' _

FIG. 2 is an enlarged schematic représentation of
the corneal cross-section to show the various layers of
the cornea as already briefly discussed. The outermost

35 - or anterior layer is the epithelium 25 (typiCally about -
50 microns thick and accounting for about ten percent
of total corneal thiékness) and its underlying basement



endot helial cells, and the norphol ogy of these cells. . Endot hel i a
célls, unlike epithelial cells, are not ~11+eplaced follow ng trauna.
There are several studies suggesting that cell shape

(pol ymegathi sm améntbrane.pl eole phiext) Layenrr eisl MB@hnyan & amthbrande 26
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mai nt ai ni n accepta ower tenperatu
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with a cooling 1§amu.q50nsothu.cb;|), and theubhhelrmdstepar pestertibe layer
technique, howevegs NQUfyothelium 29 which is a single layer of

nonreproducing flattened cells of about 4 ~ 5 microns

10 thickness.

The geometry of the cornea is complex, but has
surfaces which are approxlmately éoncentrlc and
spherical, the radius of curvature of the outer or -
anterior surface typically being about 8 mllllmeters.

15 This value is smaller than the average radius of
curvature of the sclera, giving the cornea a bulged
appearance with respect to the sclera. The corneal
diameter (gfeatest chord) is about 11 mm, and total
thickness at the corneal center is about 0.55 mm.

20 From+ the structural standpoint, the
characteristics of the cornea can be determined and
predicted by an analyticél model embodying the
following corneal qualities:

a. The cornea is a thin dome-shaped shell supported

25 - peripherally by the sclera, and Iinternally' by

uniformly distributed fluid pressure of the

agqueous humor in the anterior chamber.

b. Zones or portions of the corneal shell which are
heated to above about 60°C will predictably shrink

30 - as the collagen lamellae of the stroma contract to

about 30% of original length.

c. It is theorized that the corneal shell is
-sufficiently elastic to permit_the5f1uid-p:gssure-
supported posterior surface to ! retain

35 substantially its original contour, and td force

shrinkage-induced contour changes to occur’

primarily at the anterior surface where the
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ciliary spasm and fluctuating corneal power (t opographic

hysteresis) up to t wo nont hs 20 postogeratlvely Al patients
had stroma scarring after the procedure and the flattenlng i nduced
was short |ived. ence of .t he.

practical todl for rSEﬁ?ﬁ%?XSISSFE?E 389 FﬁdongF ' 'éd%f?%ﬁtof Tiyis

use of 25 coherent eneefifeat asmamdedchyachnﬁxnmggcshm&aka@eayroducxng
o o1, T LRCt 't Bioffl S dmpstature Caviling, g, SR ALY
Patent 4,461,294 which part pfopheecollagensers akroma ssue-destructive
Scars in a t&:hnlque cal I 0Rk tEFept Pl o Bnad AV rekdal A ve poer
as a corneal coll agebs shdetiermined byt ocdozmsahl s eurmatudiescl oand i rsliipe
L EnStuCe DUt 190 moaseichubiE GET R Chuballiet bEEAUSIGRA Sheicar
provi di ng predi ct ablsystennthysr providels tshowestfrl tool ini chawedtdsm obf
transparency. The kpopp,LEfPROLABYrs. Increasing the radius of curvature
| 10 of the cornea will correct myopia (nearsightedness),
and reduction of this parameter will correct
hypermetropia (farsightedness). A properly patterned
application of corneal shrinkage energy is also
effective in correcting astigmatic errors. .
15 ' To correct visual defects by laser keratoplasty,
' it is first necessary to measure existing vision and
corneal shape or topography using a commercially
available: corneal mapping system 33 (FIG. 3) for
contour ‘determination. along the meridians of the eye.
20  This information forms the basis for instructions
generated by a computer 35 (based on the corneal shell
characteristics discussed above) as to the zones of the
cornea which should undergo shrinkage to effect a
change in the refractive power of the cornea for
25  correction of defects. The remaining task is to
achieve the desired temperature elevation in a
controlled and safe fashion.
The laser is- a useful tool in medicine for
applying controlled and focused radiant energy for
30 localized heating of tissue, and widely wused in
ophthalmology (e.g., for retinal repairs), and other
specializations such as gynecology ang, otolaryngology.
Depending on the use, these instruments may emit
coherent energy in the visible-light bigd or may
35 operate in the infrared or ultraviolet portions of the
electromagnetic speétruxu These applications, however,
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1 t hus does not - di scl ose. - a procedure which avoids tissue _
necrosi s, and produces protracted or pernmandnt corneal recurving
proportional to energy distribution, and repeat abl e (as indicated by
ani mal stludi es) dve aearlyra&l dlreexpds&peppatbenaguAthnnyggnéfsﬁbn,

The literature siopestas B ot Ml ucive p6caRIaERL! o

coefficient and S|ng p ennva e cornea ace, - a- pr oper
tenperature profile Can the present ifivention, the desire is to heat

selected areas of collagen tissue to shrinkage levels,
5 but without damage or destruction of either the target
Jor surrounding tissues. Preferably,  the
optical-delivery-system laser is integrated with the
corneal mapping or topography system to enable computer
control of laser output, as well as real-time or near-
10 real-time . monitoring of progressive corneal
reconfiquration. o
The conversion of coherent radiant_ energy to
temperature elevation of a target is largely dependent
on a physical parameter of the target tissue body
15 called the optical absorption coefficient, which is a
variable dependent on wavelength. It has previously
been proposed (see, e.g., Mainsﬁer, Martin A.,
"Ophthalmic Applications of Infrared Lasers - Thermal
Considerations,® J. Invest. Ophthalmology 1979;
20 18:414) that  the absorption coefficient of corneal
collagen in the near infrared is approximated by that
of water. The wavelength dependency of this wvariable
has been previously disclosed, and FIG. 4 is a textbook
graph plotting absorption.coefficient (water) against
25 wavelength.
My research, based in part on a finding that the
~absorption coefficient of collagen does not accurately .
correspond to that of water, has established the
_ feasibility of using lasers which emit wavelengths in
30 the range of about 1.80 to 2.55 microns where the
collagen absorption coefficient is in the range of
about 15 cm ! to about 120 cm™L. _ -+Wavelengths
corresponding to lower. absorption coefficients may
produce insufficient mid-stromal heating. Wavelengths
35 corresponding to significantly higher absorption
coefficients tend to move the peak of the temperature
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be achieved in the cornea (high in the strgga and |ow 18- - -in.both the
epi t hel i um and endot heliun). These studies concl ude that the

absorpti on coef fpebent eMigbrR@ridlyi,he crea-ing aagexqfskl%zcn{eandnépiai hi s
to occur; thIS r stricts the range of ‘wavel ength interest to 2.6 or

3.9 mcrons; amage. thagt no |lasers are comercially available at those
15 wavel engt hs. Thireregaslys, eahbbahtth@dmemﬁ wien dvelengthB8rphil e

is solely wavel engt h dependent. i s i ngo and has di scour d

i nvestigation i n%?he?aaﬂ%l Bhgt ﬂbm% 5. @onta‘? ng-2 I}CTYNS if¢ h%?gg
believed 5 that e6hérant radiativieHangblel gaaelrated: Heothde |%\E§E¢Wht hat
t he 20 absorption ef f cor stro clo

appr oxi mat ed by tHe? aﬁscgr’ﬁ{ #QﬁegFﬁeFea g;ai 160235, péd ¥AR or
present inventi OYLFeagut£bs t lagl m@naﬂ@hédoabove. tmaea@oubeee are
coefficient and anteri or rface int of

the energy wi {Rechapica Y and ﬁ%*%}f yr?]rﬂﬁ:h‘é%%sstlﬂgltee RIFH
profile in the to opegatega. Specifically, by using pul sed or burst node

cneroy. B proner TemgLallre Uy L6 00 YR BlETce1cod! AT 0N
operating in th_e'sﬁpéﬁﬁoﬂf tlo8reviously proposed gas lasers such as
] argon, krypton, HCl, and frequency-doubled CO systems.
Argon and krypton lasers do not generate needed power
levels. The HCl gas laser is a large laboratory
15 instrument requiring large amounts of consumable gasses
and major subsystems to create high flow rates under
vacuum conditions and to chemically scrub the volatile
gas reaction products. The frequency-doubled CO laser
is large, and it is uncertain whether a suitable
20 nonlinear crystal for frequency doubling at the
required pdwer level can be developed.

The research underlying this invention includes
experiments with human corneal collagen tissue
irradiated with pulses of about 0.10 second duration by

25 ~a laser operating at about 2.1 microns at an energy
level of about 0.5 joule. The predicted stromal
collagen shrinkage occurred without loss of corneal
transparency, and without damage to the epithelium,
Bowman's membrane, or the strata underlying the corneal

30 stroma. |

Protection of the corneal layers anterior to the
stroma is afforded by a slightly 1lower surface
temperature, and : by- the normal tear ._Iéyer on the
epithelium. This protection can be increased by

35 flowing either inert gas or liquid over the cornea
during irradiation. Another technique for conducting
heat from the corneal surface is to apply a contact
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30 ° - 2.55 nicron wavel engths within today's technol ogy. Thi s
et hod avoids the trauma of inproper thecpgk profiles, and obtains
proportional changes from at |l east 2 to 13 diopters in refractive

-power ral ated tYens "wmaaswosufeapﬁatafmamndueneaaysdpphlltr)é whiich maigod

has 35 bee to b re b g, n:t si_m |.ar changes in
cor neal curvatBFB5%2€%353§ lgﬁﬁyl Gp%?ﬁﬁ?ﬁ& S "and exposure
| evel s. Significant Fpgucesl shfmxﬁ hhe computed temperature profile

;3\7/|-dence t hat te‘fr'i{'?\‘éﬁ‘i t rougcpo rb??lg alb‘?’?’él LT atlon 2. l endlﬂgr°n

5 solid-state laser lrradxatlng a cxrcular corneal area
having a radius of about 1.5 mm for 0.1 seconds with
about 0.5 joule of energy incident on the cornea, and
using flowing-irrigant cooling of the corneal surface.
The significant feature is that desired peak

10 temperatures are confined to the anterior stroma (just
forward of the cross-sectional centerline of the
stroma) as shown in FIG. 5, and the adjacent corneal
layers are not heated sufficiently to present a risk of
tissue damage. |

1s A key objective is to achieve a
shrinkage-producing temperature elevation of at least
23°C in the stroma, while preventing destructive
temperature increases in the corneal epithelium and
endothelium, and preserving corneal transparency. This

20 goal is achieved by use of the recommended coherent
wavelengths (and associated absorption coefficients) at
moderate energy densities in a range up to about 100
joules per  square _centimeter, and relatively
short-duration energy pulses (burst or pulse mode, or

25 gated c-w) with a width in the range of 0.010 to less
' than 1.0 seconds, and ' preferably about 100
milliseconds. ~ Preferably, a  higher-power

shorter-duration pulse is used (rather than a low-power
_ long~dﬁration exposure) to achieve the necessary
30 temperature elevation with minimum thermal losses
within the eye, and delivery of lower total energy to

the eye. -
A very short hzgh-energy pulse presents a rmsk of
excessive epithelial heating because there is
35 insufficient time for the heat-removal mechanisms
‘mentioned above (for example, a puff of cooling gas) to

" act. A long-duration pulse, on the other hand, leads
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undi st ur bed. Summary of the Invention I n accordance

with the present invention, there IS provided
apparatus for shrinking collagen tissue benkfth a body surface,
onpri sing neans for generating infra-red radiation in a

wavel engt# range %@ axcessive. cenduetive dissipation gfil beatwmidthiondthaave
a duration in a ranesnd 8RO aWhy! From th% tlrgeie%ﬂn%avéf QWery

aimng |aser for generating di at1on |nc ed |n an
optical delivery Presently spiefianrad d'éexpesvﬁg Bokme't hﬁornf¢%ll%§mnobf he

visible _ éﬁé&é&'i&‘iébt$E1PP§¥c5H8§af6r'Eaéhpéi&ﬁéﬂtobro@gh

lines in circul ar | I near shape to effect selective rmn age
of coll agén tissife SHelage pattern. This invention is directed
to col |l agen connectlvwxpenmentalssusf%%bnkmd%ﬂé@ Us§ Ofiakaser
coherent energy in the infrared wavel ength range of agout fu§
2.55 i elrrmgl\r%@nplem%wy qf, tepperatyxreselaynting @nergyltm

2.2 microns, as GREEFEFE dPadedOipdre! i folel i #Zdhdd/'Gh a series of dots
which are small circles in the range of about 0.25 to
-- 10 2.0 mm in diameter. '- The patterning Bf these dots.
depends on the kind of refractive correction which is
needed. For example, a pattern of dotted radial spokes
extending.from an untreated central circular part of
the cornea is effective in correction of myopia. A
15 dotted circular pattern centered on the corneal axis is
used for correction of farsightedness.' One or more
dotted linear arrays on a meridian is used for
astigmatic cdrrections. These patterns do not involve
application of shrinkage energy to the visual axis of
20 the eye. ‘ '
The treatment method is not limited to applicatioh
of shrinkage heating in a "stitched" pattern of
circular dots. For example, if eneréy is applied in a
) series of time-separated dots, the individual dots need
% 25 not be circular, and a rectangular or other dot shape
: ' may be used to achieve a desired shrinkage effect. It
is also optically possible to apply the shrinkage
energy as a narrow line, or as a ~patt:.ern -of lines
forming a rectangle or other shape. Thus, for example,
30 ‘a single application of heating energy can be 1n a
circular or toroidal pattern.
In planning specific treatment prdgrams, it is
useful to consider energy density in determining the
, pattern of shrinkage radiation. Experimental results
. 35 indicate that energy densities up to about 100 joules
per square centimeter are consistent with establishing
a desired temperature profile within the stroma, while
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as -hol mi um doped yttriumlithiumfluoride (YLF) or
yttriumal uni numgarnet (YAG crystal | asjﬁ.lr This type of |as
Jelatively conpact and easy to operate d i s capabl e of

:generating ener |nally bs wi thin | agen tissye base
*t he spechs'tral l?gyvé{) extest ‘g%f hecalt@rﬂ% o t%g‘?e «ﬁﬁfngﬁﬁ‘i 5
damage or . adjoxd'asrtg the crtminad] dependingsoa. the selected enlergyn

L R S YR i 18 1, gy i

ker at opl asty u afore
characteristi cs:hfeomamge ayerakboutn@agd to 5.0 joamesconsequent r eshapi

the corgea for :corre&t %‘ea?lso wg.tp%h ¥hi @ﬁo‘i‘i’e{ Y eﬁlgeaﬁ%%t&oh/ac%

and resulting e cornea rona IS precede
measur ement or ammclm mgﬂ@flptlm sh@%alfeﬂempeneaurezelevajzﬁng)mrg}am@

conput ation of Jthe d1C £Hd'SH which shﬁlhﬁgg%nslst LB EF Rt e,

_ produce t he deS|red correc 've
This can in some cases provide more accurate control of

the proflle of temperature increase within the stroma.

10 For example, two or three energy pulses (each of about
five to ten milliseconds duration) may be applied to a
single zone, with short-duration ‘interpulse separation
of about 50 to 200 milliseconds.

This invention achieves controlled intrastromal

15 shrinkage without causing thermal trauma and collagen
coagulation, and a resulting unwanted inflammatory
tissue response. .-Avoidance of the inflammatory
response (a ;problem characteristic of prior-art
lnvestlgatlons) is an 1mportant factor in achieving a

20 long-duratlon chronic shape change of the cornea for
correction of visual defects.

The overall system may take different forms, and
one arrangement is shown in FIG. 6 which illustrates in
block-diagram form an optical delivery system which

25 includes a low-power aiming laser, a means for sensing
unwvanted eye movement, and the various associated
controls and displays. Measurement of the refractive
properties of the cornea before, during and after
treatment is made by a corneal topography measuring

30 device. One suitable such device identified as a
“Corneal Analysis System," is marketed by EyeSys

Laboratories, Houston, Texas. o
Corneal measurement systems of this type typigally
make available a color CRT screen display of contour

35 data, as well as printout of the cortesponding

information. These systems identify the astigmatic

axis and permit selection of desired meridians of the
L T
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-7a* Timng of energy delivery to the corneal stroma is

an inportant factor in achieving an intracorngal 30 t enperat ure
profile which peaks in the generally central and anterior
portion ofil the st¢ormea, Whilepresent inldigital aAlpEadise-cdlvy HsRR 4y

(Zﬁge and nontraumattJ‘__g:her refracé:\l{\?les ;&J‘wéé‘elo”ﬁop elxs,ésueml.ayerglanteréor
curvature (typically in millimeters). Data-acquisition
optics are preferably positioned on the slitlamp base

5 of the laser optical delivéry system, with a working

distance of about three inches from the corneal

surface. : _ .

These systems typically have adjustable
measurement fields (e.g., 0.8mm to 7mm, with a 42.5

10 diopter sphere), and achieve a resolution of about
plus-or-minus one-quarter diopter over the full
selected field. Data-processing time is rapid (in the

range of twenty seconds from meaisureine'nt to printout or

screen display) and nearly real time, and image-

15 subtraction routines enable rapid calculation and

display of corneal-healing refractive change by
comparing pre- and post-application images. This
noncontacting measuring system does not affect corneal
surface intégrity, and the convex-mirror quality of the
20 cornea is undisturbed as required for the image-
subtraction technique and other post-energy-application
measurements. _ , :

Laser thermal keratoplasty using the laser
exposure parameters discussed above provides an optimal

25 thermal profile in the anterior and midstroma of the

cornea for collagen fibrillar contraction. This
profile is defined as 25°* C to 30°C above the normal
physiologic temperature, while maintaining .
substantially physiologic temperature in the epithelium

30 and endothelium.

Collagen is considered to be metabolically inert
in its steady state, and while 'thermally induced
contraction occurs by the process of this mventlon,
temperature elevations are below the thermal traumatic

35 or inflammatory thresholds. In the absence of trauma,

the dimensional collagen reconfiguration is believed to’
exhibit long-term stability.
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postéri or of the strom. The energy should be 35 delivered in
| €éss than one second, and preferably in about - 100 m 1| iseconds
(pul se or burst nodes) to position “tRe peak tenperature correctly

It e e ey
relatively | ow abs30ftnwn tonigflfé diedritxes rjeinedcbyr 87-nm uncoiled bonds.
Controlled contractions of the individual fibrillar
‘molecules require an exposure pattern consistent with
5 magnitude and radial arc modifications desired.

An increase in the radius of curvature of the
cornea results in the effective shortening of the focal
length of the visual system of the eye, while a
'decrease in the radius or steepening of the cornea
10 increases the focal length. A correction of myopia

requires an increase of the radius, while hypermetropia
is treated by decreasing the corneal radius of

curvature. Corneal astigmatism is modified by-
flattening in the myopic meridian, while an opposite
15 effect occurs at right angles to this recurvature. |

This thermal Xkeratoplasty process, therefore,
requires not only an optimal thermal profile in the
sagittal dimension, '‘but to be effective in the
modificatién of :efractive . error, also requires an

20 exposure ‘pattern in the plane of the.corneal surface
consistent with the desired hagnitude and direction of
radial arc changes. Studies on experimental animals
‘have identified several exposure patterns resulting in
corneal curvature modifications for myopic,

25 hypermetropic, and astlgmatlc errors.

A 2-3mm central laser exposure sbot in the visual
axis results in a maximal flattening of the corneal
radius of curvature of from 0.5 to 18 diopters,
depending upon energy level and exposure duration. A

30 transient stromal haze occurs, but fades within 463
hours following enerqgy application.

- In order to avoid exposure in the visual axis, two
~additional effective flattening patterns have been
identified. Each of these patterns or arrays ;pare the

35 3-mm central optical zone. _

One array utilizes a symmetrical radial pattern of
six to eight lines each comprising about six individual
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0.5-mm Spote spaced-about 0.5-mm apart. Ten diopters
of flattening has been obtained with this pattern.

Another, and perhaps most desired pattern, is the
circumferential distribution of individual 0.5-mm
exposures, sparing the 3-mm central optical zone. No
haze is experienced and up to 15 diopters of myopic.
correction has been obtained with a multipulsed laser.
The resulting refractive correction has persisted
throughout an observation period exceeding 18 months.
Since an inflammatory tissue response does not occur,
it is likely that the reconfiguration is of protracted
duration, and perhaps permanent.

Steepening occurs - over a large range _of
corrections as the ring or circumferential pattern
encroaches upon the peripheral cornea beyond 5 mm from
the visual axis. "Similar long-term3 duration is
obtained.

Meridional modification .is obtained by parallel
lines 3-m-m apart, and above and below the central
optical rzone in the direction of the meridian, each
line utilizing 5 or 6 individual 0.5-mm exposure spots.

There has been described a new and effective
system for irradiation of collagen_tissue to produce
corrective shape changesﬁby controlled and predictable
collagen shrinkage. While disclosed as a corneal
shape-modifying. technique, the system has application
to other collagenous bodies, and is believed useful in
fields ranging from cosmetic surgery to correction of
defective heart valves or musculoskeletal injuries.
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CLAIMS

1. Apparatus for shrinking collagen tissue

- comprising means for generating radiation in a wavelength

range of 1.80 to 2.55 microns, and means for delivering
such radiation to the tissue in a controlled pattern.

2. Apparatus according to Claim 1, wherein the
generating means is adapted to generate the radiation in
pulses each with a duration in the range of 0.01 to 1.0
second. |

. 3. Apparatus according to Claim 1 or Claim 2,
wherein the delivering means is adapted to focus the
radiation to achieve an energy density at its target of up

‘to 100 joules per square centimeter.

_ 4, Apparatus according: to any preceding Claim,
wherein the delivering means is adapted to deliver the
radiation in a pattern of dots. | _

5. Apparatus according to Claim 4 wherein the
delivering means is adapted to deliver each dot in the
form of a spot with a diameter in the range of 0.25 to 2.0
millimeters. _

6. Apparatus according to any of Claims 1 to 3
wherein the delivering means is adapted to deliver the
radiation in a line pattern.

7. Apparatus according to Claim 6 wherein the
pattern is created in a single application of said
radiatioh._

8. Apparatus accordingh to any preceding Claim

~including means for cooling an anterior surface of the

cornea during irradiation.
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35 ° T Brief

Déscription of the Draw ngs " "EiG*1is a horizontal sectiona

vi ew of an eye; FIG 2 is a schematic cross-sectional view of the

cornea; 5 FIG 3 is a block diagramof the apparatus of the
ABSTRACT

.Apparatus for shrinking collagen tissue includes
means for generating radiation in a wavelength range of
5 1.80 to 2.55 microns. The radiation is delivered to the
tissue in a controlled pattern in order to achieve
selective shrinkage thereof. The radiation generator is
conveniently a laser capable of generating coherént enerqgy

in the manner required.

10
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invéntion; . FIG 4 is a plot of. the absorption coefficient of'

distilled water as a function of inqi dept? wavel ength; . : FIG 5
is a plot of tenperatyre elevation within 10 t he cornea; and
FIG 6 is a block anfof an optical delivery system 15
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-1 - 1 Det ai | ed-Description of the Preferred Enbodi nent

The invention will be described in terns of a- | aser keratoplasty
(LKP) system for shape nodification gf the human cornea, but the

i nventive principles are 5 applldéble to col l agen shrinkage in other
parts of the body. The LKP application is in a sense the nost
chal | enging use of the invention in view of the critical need to
confine the heat field to target portions of the corneal stroma while

avoi di ng excessive
N

SUBLICAL LASER | AUNE LABER
M | [ zem
NeaBer SOLITTER
VAL/ABLE
ATTEALH TR
¥
oPTICAL
_ OPT7CAL
i f“? F/BER
| v
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10~- and potentlal |y damagl ng tenperature elevations in the - flozs 3-8 TPOS
se’lhsltwe ti ssues adj acent the strona. As a quick review of the
anat ony of the eye, FIG 1 is a horizontal section-of an eye 10

havi ng a roughly spherical structure with a transparent cor nea 15

11 at the forward central portion, the remainder -ef-th
"eyebal | " bei ngl whi REPAACEIpSHRETSC| er &G
bl ends with t heifiavdsphpion : paged . 0f 1 pecgorned. Theé eye A S,
retina 13 Roaignds al.gaged he e @_r]_c.im_p rt of - _(waréi }"ﬁn Tt i
surface of & he $GImERing &N p|a§edc_9_q_r) ;__c.)_“_e optgl i, SN ﬁ?* %4 W;:}
extends to the Iphaitliact . :paged ... dg & theicibr neael . (0 pAged -

o [ ﬁ '%’y z()"r'fl'jl ar |fl ganents 17, and the |ens

crystalline lens, ,vo ~An
s capatiiBi- 4 e thepeye ¢o tormPRaTon ..

obj ects at various ranges. The eye's-iris 18 is® e posTtToned bet Wween
the cornea and lens to divide the space forward of the lens into an
anterior chanber 20 and posterior Thanber 21 whi ch.are filled with a
cl ear 10 and wat er y GORLASEN PRENTHRIUCARBARRTUS AND MEeEopace 30 |
behi nd the Iens is filled with a clear gel-Iike body 22

Cross—-Reference to Related Aggllca.t:.on .
This is a continuation-in-part of Application

07/374,958 (June 30, 1989) which is a
15 continuation-in-part of Application 07/285,379

(December 15, 1988) which is a continuation of

Applications 07/170,070 (March 14, 1988), 07/067,381

(June 24, 1987), and 06/914,169 (October 1, 1986) the

latter being a continuation-in-part of Application
20 06/781,225 (September 27, 1985).

Background of the Invention

Collagen connective tissue is ubiquitous in the
human body and demonstrates several unique.
25 character:.stlcs not found in other tJ.ssues. It
prov:l.des ‘the cohesiveness and tenacity of the musculo-
skeletal system, the structural integrity of the
viscera, as well as the elasticity of the integument.
Most endothelial-lined structures of the body have
30 collagen cores for specific functional purposes.
Collagen cores are found in structures as diverse as
- the trabecular meshwork of the aqueo.'u's filtration
system of the eye, and the valves of the heazrt;: The .
walls of the great vessels share their collagen
35 integrity with the ligamentous bony attachments and the,
tendinous or sinewy muscular attachments to the long
boﬁes. The cornea of the eye is a unique example of

Lo Tled e This is the replacement sh?et
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call ed vitreous hunor. FIG 2 is an enlarged schematic

representation of the corneal cross-section to show the various
| ayers of _ the cornea as already briefly discussed.. The outernost 35
or anterior layer is the epithelium?25 (typically about . 50 mcrons
thi ck=and accounting for about ten percent of total corneal
thi cknéss) and its underlying basenent : ~w. menbrane.-  The
next |ayer is Bowran's nenbrane 26 : N

1 collagen connective tissue with the cornea stroma

(accounting for about 90% of the total thickness of the
cornea) demonstrating a high transparency of cross-
oriented individual sheets or lamellae of collagen with

S ! a high (about 70%) water content and lesser (about 8%)
_amount's of protein and muco-polysaccharides.

‘Intermolecular cross-links provide collagen
connective tissue with unique ;Shysical 'prop'ertie_s of
high tensile strength and substantial elasticity. The

10 extracellular matrix of this tissue consists of complex
macromolecules, the biosynthesis of which involves
several specific' reactions that are often under
stringent enzymatic control. The cross-linking is
mediated, for example, by the copper-dependent enzyme

15 lysyl—-oxidase, and can be inhibited by chemicals such
as B-aminoproprionitrile, as well as by various types

. ' of energy such as heat and photonic radiation. The net
accumulatioch of collagen connective tissue is then
dependent upon the precise balance between the

20 synthesis and degradation of the connective tissue
components. '

A previously recognized property of hydro-thermal
shrinkage of collagen fibers when elevated in
temperature to the range 60° to 70°C (an increase of

25 about 30°C above normal body temperature)‘is but one of

- the unique characteristics of this tissue not exhibited
by other body tissues. Temperattire elevation ruptures .
the collagen ultrastructural stabilizing cross-links,
and results in immediate contraction in the fibers to

30 about one-third of their original 1lineal dimension,
while increasing the caliber of the individuwal fibers
without changing the structural integr:.ty of the
connective tissue. “

- The present invention is directed to a method and

35 apparatus for effecting controlled lineal contraction
or shrinkage of collagen fibers to provide a multitude
of nondestructive and beneficial structural changes and
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(about 10-13 microns thick in the human eye) which is

nanr egenerative. The main body (about 90 percent of t he total

t hi ckness) of the cornea is stroma 27 5 conposed of clear sheets of

col | agenous material. The stroma i s backed by Descenet's nenbrane 28
(about 5 - 10 mcrons thick), and the innernost or posterior |ayer

I s endothelium 29 which is a single |ayer of nonr epr oduci ng fl attened
cells of about 4 - 5 nicrons 10 thi ckness. -*The geonetry of
the cornea is conplex, but has sur%aces which are approximtely
concentric and spherical, the raa'ﬂs of curvature of the outer or

anterior surfacgoh\_(géeﬂlllg/ Bﬁiﬁg_na% ,%O 1 n%%rs%nQrgntioTh' value is

smal | er than the average ra fvature o e scC etj}s\asglwng
the cornea a bupgeyication a'ﬁ‘beﬁ?%n%’é’-%#’-ﬂ%e?ﬁe&?liﬁg?‘he°§@!‘%¢‘aive The

cor neal . dthsshertigmraicutt thé Godly,i anabainy bh Emsc&mﬂed GFidh :
L1 chness ot tDgoRRigeal GRlhpuds DU BRI She permRL (1S
det er mi né&d and: diSOrdﬁ%oﬁ’%tféw coyneaPL AW& §¥ecal nodel enbodying the
. These applications have received some ‘discussion
in existing literature, but presently known techniques
. do not provide an adequate basis for effective use of
this knowledge of the properties of collagen as a safe
0 _ and predictable treatment method.

" The cornea is a layered structure which provides
the maj or:.ty of the eye's refractive or focusing pover
for incoming light rays which are transmitted through
the crystalline lens of the eye to light-sensitive

15 receptors of the retina. The corneal layers, from
outer to inner surfaces, include the epithelium,
Bowman's membrane, a relatively thick central stroma
formed of cross-oriented collagen ribbons or sheets,
Descemet's membrane, and the endothelium. The aé-—yet

20 unmet cha.lle'nge is to achieve a thermal profile within
the stroma to attain controlled, predictable collagen
shrinkage and resulting corneal shape change and
adjustment of refractive effects without damaging the
adjacent layers. _ |

25 An earlier approach to corneal reshaping to
correct vision defects involved direct application of
a heated probe to the corneal epithelium to transmit
heat to the stromal ‘¢ollagen fibers. This technique,
sometimes called thermokeratoplasty or TKP, was

30 substantially unsuccessful in that peak temperatures
were necessarily achieved in the outer corneal layers
rather than in.the stroma where the beneficial effect
of collagen heating was desired. The most sericus and
discouraging problem was irreparable temperature damage

35 to the corneal epithelium and its basement membrane,

' with consistent findings of thermal dissolution and
persistent defects in this membrane. This has resulted
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fold owi ng corneal qualities: a. . The cornea is a thin dome-shaped

shel | supported 25 peripherally by the sclera, and internally by
uniformy distributed fluid pressure of the aqueous hunor in

t he anterior chamnber. b.. Zones or portions of the corneal shel

whi ch are . heated to above about 60[err]C will predictably

shri nks 30 as the collagen |lanellae of the stroma contract to

about 30% of original |ength. C. It is theorized that the
corneal shell is _ sufficient]y elastic to permt the

f | ui d- pressure- _supported pvsterior surface to retain
35 4 Subst g | al r n e

It nkaged meLER 2Rt abd gy bB1PALHIL aHRIUSAH" and q:ec?:rfr%;\% sermeal o

anterior surface® ?ﬂ%}34%eer°5i°ns-
In contrast to corneal-stroxna problems encountered

in previous investigations, the desired method herein
5 ! disclosed achieves highest shrinkage temperatures 1n
" the midstroma, and lowest in ‘the region of Decemet's

membrane and the endothelial monolayer on -the -inner
surface of the cornea. The thermal profile must be
controlled within a narrow peak range of 5* to 7°C in

10 . order to destabilize the covalent bonding (or to
disrupt  interchain hydrogen bonds) of  this
triple—helical collagenous domain to achieve desired
shrinkage, and without significantly traumatizing the
keratocytes or denaturing the collagen fibrils. The

1s thermal trauma associated with earlier efforts in this
field leads to an acute inflammatory tissue response

. which results in the removal of denatured collagen, and
is characterized by the deposition and subsequent
cross-linking of newly elaborated collagen at the site

20 as catalyzéd by the enzyme lysyl oxidase. '

The rapid replacement of contracted collagen
fibers by new mature collagen following trauma results
in the unwanted reversal of the desired corneal
reconfiguration. In the absence of trauma, the half.

25 life of Type I collagen has been shown to be consistent
with the life of the experimental animal.

Prior investigations, however, have not considered
the importance of the atraumatic attainment of the
proper thermal profile for protracted or permanent

30 recurving of the cornea in the absence of collagen
fibrillar replacement associated with trauma and the
resulting 1nf1ammatory response. . ot

Damage to the endothelial monolayer is the most
disturbing problem encountered when the peak

35 temperature is too far posterior in the cornea.
Factors influencing the quality of this most important
corneal layer include the absolute number of viable
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-12- 1

refractive correction is of greatest effect. This

effect Ps aided by confining shrinkage-producing . stromal

tenperature el evations to the anterior

part of the coll agenous

stroma. 5 About three-fourths of the eye's refractive power

is determned by corneal curvature, and shape nodi fication of
this element of the eye's optical system t hus provi des a powerful

tool in‘correction of refractive errors. Increasing the radius.of ,
curvature 10 of the cornea will corregg- nmyopi a (nearsightedness),

and .reduction of this paranmeter wll correct . hypernetropia

(farsightetiness) .gh@qﬂx@p&nlycpMSpmﬁdthe morphppbgyadf obhese coelieal
shrinkage ener gy ﬁrﬁicﬁ:lhﬁg.ial cells, unlike epithelial cells, are not

10

15

20

25

30

35

replaced following traima. There are several studies
suggesting that cell shape - (polym'egathis_m _and
pleomorphism) is more closely related to the functional
reserve of this layer than to .-endo_thelial cell density,
but in either case complications will result in
persistent edema, bullous keratopathy and 1loss of
transparency of the cornea.

The problem of confining peak temperature to the

‘stroma while maintaining acceptably lower temperatures

in the inner and outer adjacent corneal layers is
recognized in the prior art. U.S. Patents 4,326,529

and 4,381,007, for example, disclose use of.

radio-frequency heating while irrigating the outer
corneal surface with a cooling saline solution.
Published reports on the techni.que, however, note
ciliary spasp and fluctuating corneal power
(topographic hysteresis) up to two months

~ postoperatively. All patients had stroma scarring .

after the procedure, and the flattening induced was
short lived.

The emergence of the laser as a practical tool for
ophthalmologists has led to investigation of the use of
coherent energy as a means for achieving corneal shape
change to <correct vision defects. One such
application, essentially unrelated to the present
invention, is di.scldsed in U.S. Patent 4,481,294 which

proposes the laser as a tissue-destructive (ablative .

photodecomposition) tool for forming radial corneal
scars in a technique called radial keratotomy.

Use of the laser as a corneal collagen-shrinking
tool has also been disclosed in the 1itera{:ure, but not
in the context of a practical system which avoids

- tissue necrosis in the corneal epithelium, while

providing predictable reconfiguration of the. tissue
without loss of transparency. The known technology

This is the replacement shest

Date: 1} 6 SEP Bgs T

T T e



effective in correcting astigmatic errors. 15 To correct visual
defects by | aser keratoplasty, I't i1s first necessary to neasure

exi sting vision and corneal shape or topography using a conmercially
avai |l abl e corneal mapping system 33 (FIG 3) for contour determ nation
along the neridians of the eye. 20 = This information forns the basis
for instructions generated by a conputer 35 (based on the . corneal
shel | ~* characteristics discussed above) as to the zones of the

cornea whi ch shoul d undergo shrinkage to effect a - change in the
refractjive power of the cornea for 25 corféction of defects. The
remaining task is to l.e des] r vakiLon in a
controlled an? safe Fggﬁi%?ﬁsa%t ﬁ?s&ﬂ%erﬁeﬁ {o:c%gﬁxggggéf %@eﬁ?e{cfsogﬁs?‘ﬁe

medi ci ne for BBEF9F I, A%t PEPRRRESIRECHHOFSA(OF aEPHMNGIHe GgFRedt 30

| ocal ized heating eécuieing, proportidndal to Uekékgy Ndistribubidn hakndl ogy

Gynocol ogy and ot of SrgRget kg the biloasas by aRBEE) Yelbe} Fof 4ilifar

gynecol ogy and otol a I'n
i nstrunents n&y eni t‘ex_PC’S“r‘-‘cRﬂféieé'ﬁF anbeppren kavelyi si bl e-1i ght band or
may - The literature suggests that by properly selecting

the absorption coefficient and using heat removal at

the corneal surface, a proper temperature profile can

be achieved in the cornea (high in the stroma and low

10 in both the epithelium and endothelium). These studies

conclude that the absorption coefficient must be in the

‘range of 190 cm™® for this to occur; this restricts the

range of wavelength interest to 2.6 or 3.9 microns;.and

that no lasers are commercially available at those

is wavelengths. This conclusion that the proper thermal

profile is solely wavelength dependent is incomplete

. and has discouraged investigation in other wavelength

~ domains. 1 It is further believed that earlier

investigations have incorrectly assumed <that the

20 absorption coefficient of corneal stroma is closely
approximated by the absorption coefficient of water.

The present invention recognizes that in addition

to absorption coefficient and anterior surface heat

removal, the footprint of the energy with time

25 significantly influences the temperature profile in the

cornea. Specifically, by using pulsed or burst mode

energy, a proper temperature profile has been obtained

at much lower absorption coefficients (15-129 cm'l),

allowing use of lasers operating in the range of 1.80 -

30 2.55 micron wavelengths within today's' technology.

This method avoids the trauma of improper thermal

profiles, and obtains proportional changes from at

least 2 to 13 diopters in refractive bower related to

exposure pattern and energy density. This mé%hod'has

35 . been shown to be repeatable in that similar changes in

corneal curvature were observed for similar patterns

and exposure levels. Significant induced effect has

Thig is the repiacement shest
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35 operate in the infrared or ultravi oI et portions of the
eliectronmagneti c spectrum These applications, however,
- 13- . are nearly all directed to phot ocoagul at i on, . inci

perforation, or other tissue-destructive processes. & 1usSheet HasBegn,
present invention, the desire is to heat sel ect eHIHIIHIH : agen
tissue to shri nkage | evel s, 5 but wi t hout damage or

either the target . or surroundi ng tissues. Preferably,
1 - persisted throughout follow-up investigation, lending
evidence that the half-life of corneal collagen was
- undisturbed.
5 Summary of the Invention

] . .
This invention is directed to collagen connective

tissue shrinkage hy- the use of laser coherent energy in
the infrared wavelength range of about 1.80 to. 2.55
microns, and preferably in the range of about 2.0 to
10 .-2.2 microns, as generated by a solid-state device such
as holmium-doped” yttrium-lithium-fluoride (YLF) or
yttrium-aluminum-garnet (YAG) crystal laser. This type
of laser is relatively compact and easy to operate, and
is capable of generating energy optimally absorbed
1s within collagen tissue based on the spectral-absorption
coefficients of these wavelengths, without damage or
destruction of adjacent tissue. o
. . In an iophthalmological context, the invention
relates to laser kerétoplasty using a laser having the
20 aforementioned characteristics for collagen shrinkage
and consequent reshaping of the cornea for correction
of vision errors or defects. Irradiation and resulting
heating of the corneal stroma 1is preceded by
measurement. or mapping of " ﬁié untreated cornea.
- 25 contours, and:computation of +the specific corneal
regions to be heated to produce the desired corrective
reshaping.
Timing of energy delivery to the corneal stroma is
an important factor in achieving an intracorneil
30 temperature profile which peaks in the generally
central and anterior portion of the -stroma, while
limiting temperature increases to safe an_d"nontraumatic
levels in the corneal tissue layers anteriér and
posterior of the stroma. The energy should be
35 = delivered in less than one second, and preferably in -
about 100 milliseconds (pulse or burst modes) to
position the peak temperature correctly within the
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optical -delivery-systemlaser is integrated with the corneal mappi ng
or ‘'t opogr aphy systemto enabl e conputer control of |aser output, as
well as real-tine or near- 10 real -tinme nonitoring. of progressive
corneal reconfiguration. The conversion of coherent

radi ant energy to tenperature elevation of a target is largely
dependent ... . on a physical paraneter of the target tissue body 15
called the optical absorption coefficient, which is a vari abl e
dependent on wavel ength. It has previously_g. been proposed (see, e.g.,
Mai nst.er, NMartin A, "Ophthal m c Applications of Infrared Lasers -
‘{gea rlnjfl) . h 1Cﬁnsi dstrdnannSThese téchniduds enablPtheahse! O rrd@idting )

: ‘tthat the a t o] [ n cor . c en t he
near infrared is apgv?%(%r%aﬁ%gggbg'{ hg{‘g tl'.% of aéefée.r .m“r-‘ﬁgnwgl\L/Je ng’t"#’Ih )
dependency -of this vE¢laively low. ahsompfdenyreeffiniepts 4o sbedgenawaki G 4
is a textbook ey g ast taqg P Pti on coefficient (water) against
25 wavel ength. | My research, based in part on a finding that
t he absorption coefficient of collagernr does not .accurately

10
15
20
25
30

35
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correspond to that of water, has establ i shed the feasibility of

usi‘'ng | asers which emt mavelengths in 30 the range of about 1.80 to
2.55 microns where the col | agen absorption coefficient is in the
range of about 15 cm1l to about 120 cnierr]. Wavel engths
corresponding to | ower absorption coefficients may _ pr oduce

I nsufficient md-stromal heating. Wavel engths 35 corresponding to.
signi-ficantly higher absorption coefficients tend to nove the peak
of the tenperature -g- -14-
. 1 wg&

' ) . FIG. 1 is -a horizontal sectional vxew of an eye:;
v “. FIG. 2 is a sthematic cross-sectional view of the
cornea; ) .

5 FIG. 3 1s a block dlagram of the apparatus of the
invention; '

FIG. 4 is a plot of the absorption coefficient of
distilled water as a function of incident wavelength;
FIG. 5 is a plot of temperature elevation within

.10 the cornea; and '

. FIG. 6 is a block diagram of an optical delivery
systen.

15

25
30
35
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1 . proflle forwardly, <creaming a risk of epithelial

p)

danage Preferably, coherent radiation with

wavel engths in the range of about 2.0 to 2.2 microns is
used. 5 Coherent radiation can be generated in this

wavel engt h by a solid-state |aser 36 using hol m um doped
YAG or ' ' YLF crystals as nentioned above. These | asers are
nechani cal 'y and optically relatively sinple and easy to
operate. 10 These solid-state lasers are believed to
be superior to previously’ﬁpoposed gas | asers such as

argon, kryptog, HO_pand e BUe0EM«IQUDL e O pSYSLEPES & od:.meﬁt.
Argon and krypton |

level s. . The HO gas | adbe jinventipnewillope described in tegms of a-
i nstrument requiringldsergkezatoplastyl (LEPS syabee gasssafape modification

and maj or subsysteng, Cl:h(\?a.r ?ﬁﬁxﬁn Phdd ,OWut abks ive principles are

vacuum condi tions an hem caF?y sdrub t he. vol at gas
reaction proddcts. ‘@RP lF‘Féﬁ’&én'&? -GAideeen Finkage 1“ other parts of the
| arge, and it is undsddyai n- vhet IXP applitstiiion is in a skhse i weStar |

crystal for freque&@ile‘i&%&m}i e bt tiﬂx% invention in view of the

critical need to confine the heat field to target

portions of the corneal stroma while avoiding excessive

10 and potentially damaging temperature elevations in the
sensitive tissues adjacent the stroma.

As a quick review of the anatomy of the eye,

FIG. 1 is a horizontal section of an eye 10 having a

roughly spherical structure with a transparent cornea

15 11 at the forward central portion, the remainder of the

‘sphere of the “eyeball" being white and opaque sclera

12 which is attached to and blends with the periphery

of the cornéa. The eye's light-sensitive retina 13

extends algng the rear and part of the forward inner

20 surface of the sclera, and is connected to an optic

" nerve 14 which extends to the brain.

Positioned behind the cornea is a crystalline lens
16 supported by zonular ligaments 17, and the lens is
capable of shape changes which enable the eye to focus

25 on objects at various ranges. The eye's iris 18 is
positioned between the cornea and lens to divide the

e

space forward of the lens into an anterior chamber 20

and posterior chamber 21 which are filled with a clear

_ and watery fluid called aqueous humor. The spéce

30 behind the lens is filled with a clear gel-like body 22
called vitreous humor. _

FIG. 2 is an enlarged schematic repr'éséntation of
the corneal cross-section to show the various layers of
the cornea as already briefly discussed. The outermost

35 or anterior layer is the epithelium 25 (typically about -
50 microns thick and accounting for about ten percent
of total corneal thickness) and its underlying basement
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requi red power |evel can be devel oped. : The research

under |l ying this invention includes experinments with human
corneal collagen tissue irradiated with pul ses of about

0. 10 second duration by 25 a | aser operating at about 2.1

m crons at an energy ~level of about 0.5 joule. The
predi cted- stromal . : col I agen shrinkage occurred w t hout | oss

~of corneal t ransparency, arl_dL W t hout damage to the

epi t hel i um Bowran' s nenbr dne, or the strata underlying
the corneal 3 mem%Q'ane Strﬁﬂ@ next layer is Bowman's RiR@hbORef the

corneal |ayers anter,jor to rQua i s af ord by a
slightly | ower surf R" 10-= §3 microns t?% eir'ht‘%‘re %umélr‘n‘d 5 t“léf%b j}rlﬁa
tear |layer on the nonregenerative. &hiet mﬁnuhpdy TAboupr 8@ eper@mt cfh be

i ncreased by the BEotalf |&M.’cﬁﬂe§§)t heg Ifﬂert cozhell id J@icdofiyCra# he
COr nea

heat from the cor neﬁ“‘?ﬁ??éggfl rre{%ﬁ %ﬁ%ﬁ g{q LSS Ae 591, copducting

: stroma is backed by Descemet's membrane 28 (about 5 -

10 microns thick), and the innermost or posterior layer

is endothelium 29 which is a single layer of

) nonreproducing flattened cells of about 4 - 5 microns

10 thickness.

The geometry of the cornea is complex, but has
surfaces .which are approximately - concentric and
: spherical, the radius of curvature of the outer. or-
anterior surface typically being about 8 millimeters.

15  This wvalue is smaller than the average radius of
curvature of the sclera, giving the cornea a bulged
appearance with respect to the sclera. The corneal
diameter (greatest chord) is- about 11 mm, and total
thickness at the corneal center is about 0.55 mm.

20 From+ the  structural standpoint, the
characteristics of the cornea can be determined and
predicted by an analytical model embodying the
following corneal gualities:

a. The cornea is a thin dome~-shaped shell supported

25 ~ peripherally by the sclera, and internally by

uniformly distributed fluid pressure of the
aqueous humor in the anterior chamber.

b. Zones or portions of the corneal shell which are -

heated to above about 60°C will predictably shrink

30 as the collagen lamellae of the stroma contract to

about 30% of original length.
C. It is theorized that the corneal shell is
sufficiently elastic to permit the fluid-pressure-

supported posterior surface to !

_ retain
35 substantially its original contour, and to force
shrinkage-induced contour changes to occur’

. primarily at the anterior surface where the

This is the replacement sheet
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-15- ‘ | ens "w ndow' of a naterial'such-as'sapphire whi ch has
hi gh thermal conductivity and thermal nass. FIG 5 shows the
conput ed tenperature profile t hrough the corneal thickness using a
2.1 mcron 5 solid-state laser irradiating a circular corneal area

. -12-

' 1l refractive correction is of greatest effect. This

effect is aided by confining shrinkage-producing
stromal tempéi"ature elevations to the anterior
part of the collagenous stroma.

5 About three-fourths of the eye's refractive power-
is determined by corneal curvature, and shape
modification of this element of the eye's optical
system thus provides a powerful tool in correction of
refractive errors. Increasing the radius of curvature

10 of the cornea will correct myopia (nearsightedness),
and reduction of this - parameter will correct

'hypermetropia (farsightedness). A properly patterned
application of corneal shrinkage energy is also
effective in correcting astigmatic errors.-

15 To correct visual defects by laser keratoplasty,
it is first necessary to measure existing vision and
corneal shape or topography using a commercially
available; corneal mapping system 33 (FIG. 3) for
contour determination along the meridians of the eye.

20 This information forms the basis for instructions
generated by a comput".er 35 (based on the corneal shell
characteristics discussed above) as to the zones of the
cornea which should underge shrinkage to effect a
change in the refractive power of the cornea for

25 correction of defects. The remaining task is to
achieve the desired temperature elevation in a
controlled and safe fashion.

..The laser is a useful tool in medicine for
applying controlled and focused radiant energy for

30  localized heating of tissue, and widely used in
ophthalmology (e.g., for retinal repairs), and other
specializations such as gynecology and, otolaryngology.
Depending on the use, these insstrumentsf_ may enmit
coherent energy in the visible~light band or may

35 operaté in the infrared or ultraviolet portions of the
electromagnetic spectrum. These applications, however,
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having a-radius of about 1.5 mmfor 0.1 seconds with about 0.5 joule

of *enerygy incident on the cornea, and using flow ng-irrigant cooling
of the corneal surface. The significant feature .is that desired
peak 10 tenperatures are confined to the anterior stroma (just '
forward of the cross-sectional centerline of the stroma) as shown in
FIG 5, .and the adjacent corneal | ayers are not heated sufficiently
to present a risk of ti ssue damage. l1f3. A key obj ective
S to achi eve a shri nkage- produci ng tenperature el evati on of

at | east 1 23] erd feabliyhalidinreted Wo bhopscoRnilatgialssihegside,
tenperature i ncreaifeg_.f Q‘artggncOBP#he@SEMé-HQFeMCtJ.V‘ee%@% heI I um and

preserving corneal ‘transparent 7<i¢e of the
recommended coherent IR %éﬂr@ﬁ&f‘ﬁs ’(‘éﬁ?&iaﬁsoﬁ‘i‘%téﬂsw%oiﬁt enheat
coefficients) at . selectedecasbtascoficdp)lapnsiticedeito esumgﬁguplboep@out 100

joules  pers squaife GEELLIE! Einage hesthRlbBLbNAY eitner Q' Lot or

energy pul ses (burst .or pulse np £in the
range of 0.010 to {Bss surroynding 1. Y—)’-ssu§§conds Eﬁﬁfeﬁ%r abli]he about

100 optical-delivery-system laser is integrated with the
- ' corneal mapping or topography system to enable computer
) control of laser output, as well as real-time or near-
10 real~time  monitoring of progressive cornéal
' reconfiguration. '

The conversion of coherent radiant energy to
temperature elevation of a target is largely dependent
on a physical parameter of the target tissue body

15 called the optical absorption coefficient, which is a
variable dependent on wavelength. It has previously
- been proposed (see, e.g., Mainster, Martin Aa.,
"Ophthalmic A;.vplications of Infrared Lasers - Thermal
Considerations," J. Invest. oOphthalmology 1979;
20 18:414) that the absorption coefficient of corneal
collagen in the near infrared is approximated by that
of water. The wavelength dependency of this variable
has been previously disclosed, and FIG. 4 is a textbook
graph plotting absorption coefficient (water) against

25 wavelength. |

My research, based in part on a finding that the
absorption coefficient of collagen does not accurately
correspond to that of water, has established the
feasibiiity of using lasers which emit wavelengths in

30 the range of about 1.80 to 2.55 microns where the
collagen absorption coefficient is in the range of
about 15 cm * to about 120 cm T. _ -+Wavelengths

corresponding to lower absorption coefficients may
produce insufficient mid-stromal heating. Waveléngths
35 corresponding to significantly higher absorption
coefficients tend to move the peak of the temperature
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m | |iseconds.

pufse is used (rather than a | ow power

Preferably, a hi gher - power shorter-duration

| ong-duration exposure) to

achi eve the necessary 30 tenperature elevation with mninum thernal
within the eye, and delivery of |ower total energy to

| osses
t he eye.
excessi ve

for the' heat-renoval
of cooling gai) to

| eads .

A very short high-energy pul se presents a risk of

epithelial heating because there is 35 I nsuf fi ci ent

10.

15

20

25

30

35

machani sns ment-*éned above (for exanple, a

. A | duratign pul se,, on the other hand,
prof:.le forw Ocﬂ% crea..?.nqp visk of epithelial

damage.

Preferably, coherent radiation with wavelengths in
the range of about 2.0 to 2.2 microns is used.
Coherent radiation can be generated in this wavelength
by a solid-state laser 36 using holmium-doped YAG or

T YLF crystals as mentioned abqve. These lasers are

mechanically and optically relatively simple and easy
to operate. : :

These solid-state lasers are believed to be

_superior to previously proposed gas lasers such as

argon, krypton, HCl, and frequency-doubled CO systenms.
Argon and krypton lasers do not generate needed power

levels. The HCl gas laser is a large laboratory '

instrument requiring large amounts of consumable gasses
and major subsystems to create high flow rates under
vacuum conditions and to chemically scrub the volatile
gas reaction products. The frequency-doubled CO laser
is large, gagnd it is uncertain whether a suitable
nonlinear crystal for frequency doubling at the
required péwer level can be developed.

The research underlying this invention includes
experiments with human corneal collagen tissue
irradiated with pulses of about 0.10 second duration by
a laser operating at about 2.1 microns at an energy
level of about 0.5 joule. The predicted stromal
collagen shrinkage occurred without loss of corneal
transparency, and without damage to the epithelium,
Bowman's membrane, or the strata underlying the corneal
stroma.

Protection of the corneal layers anterior to the
stroma is afforded by a slightly 2lower surface
temperature, and by the normal tear ._Iéyer on the
epithelium. This protection can be increased by
flowing either inert gas or liquid over the cornea

tinme
puf f

during irradiation. Another technique for conducting .

heat from the corneal surface is to apply a contact
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-16- 1 to excessive conductive dissipation of heat within the

stroma- and away fromthe target shrinkage volune. A presently
preferred "exposure tinme" for delivery of energy is 100 milliseconds
for each elenent or spot in 5 a shrinkage pattern.

Experinental efforts conducted to date have I nvol ved application of
t enper atur e- el evating energy to speci fi c spaced-apart stromal zones
in a series of dots whi ch are snmet¥dtircles in the range of about
0.25:o0 10 2.0 Mmin dianeter. The patterning of these dots

depends ont he ki hengf'wisidant pfea materdal sivchhpshsapphire whighehad. For
exanpl e, a patterpigh eigdsed coddattBAtyetnd thermadxRdi,ng from an |

Correcti on of myopia. FH1se nsde, HhesomimEedr BeberaiiecRratite ne
corneal axis is ‘througlysddef cpomnnadecthinknesss psinmt @dnesk. miewenor nore
dotted |imear aspPyd-stiited Y@BekdiffadiatingS80cit@ilar corneal area
- having a radius of about 1.5 mm for 0.1 seconds with
about 0.5 joule of energy incident on the cornea, and
using flowing-irrigant cooling of the corneal surface.
The significant feature is +that desired peak

10 temperatures are confined to the anterior stroma (just
forward of the cross-sectional centerline of the
stroma) as shown in FIG. 5, and the adjacent corneal
layers are not heated sufficiently to present a risk of
tissue damage.

15 A key objective is to achieve a
shrinkage—-producing temperature elevation of at least
23°C in the stroma,. while preventing destructive
temperature- increasés in the corneal epithelium and
endothelium, and preserving corneal transparency. This

20 goal is achieved by use of the recommended coherent
wavelengths (and associated absorption coefficients) at
moderate energy densities in a range up to about 100

-’

joules per square centimeter, and relatively
short-duration energy pulses (burst or pulse mode, or
25 gated c-w) with a width in the range of 0.010 to less
than 1.0 seconds, and preferably about 100
milliseconds. Preferably, a higher-power'
shorter-duration pulsé is used (rather than a low-power
long-duration exposure) to achieve the necessary :
30 temperature elevation with minimum thermal losses
within the eye, and delivery of lower total enexgy to

£ ]

the eye. .
A very short high-energy pulse presents a risk of

excessive epithelial heating Dbecause there is

35 insufficient time for the heat-removal mechanisms
mentioned above (for example, a puff of cooling gas) to

act. A long-duration pulse, on the other hand, leads
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astigmatic corrections. These patterns do not involve application of -
shri nkage energy to the visual axis of 20 . t he eye. The
treatment nethod is not limted to application ~of - shrinkage
heating in a "stitched" pattern of circular dots. For exanple,
if energy is applied in a series of time-separated dots, the
i ndi vi dua_l,_-;dots need 25 . hot be circular, and a rectangul ar ‘or other dot
shape ~ may be used to achieve a desired shrinkage effect. It
is also optically possible to apply the shrixgeage energy as a narrow
line, (oF as a pattern of l|ines form ng a rectangle or other shape.
Thus, for exakple, 3o excessivagtendysiivesdissinstinnaef eeathstifhizakhee in
A atment | rcul ar Ors_t%ﬂ{nﬁ' G F&Qﬁa&‘e"f?ozlns%he target shiripkagai 9816RECI f AC
reatment programs, it is se WLO _consi der gne Ly in
determining the presentily, rPtfffLéﬁF#nk'ﬁﬁg"sr%r(ﬁ 2T, é%erg?gglﬁ?é’ PEsults
35 - i ndi cate t hatememgyyyisd2nginildsisegonds dfssueaghoe] eneniy or spot par
square centingter arg GoRghabeNpabtdih.establishing a desired
tenperature profile within the Styom i |
P P Exper?.men{;al ’emrtg conducted to date have
involved application of temperature-elevating energy to
specific spaced-apart stromal zones in a series of dots
which are small circles in the range of about 0.25 to
- 10 ~ 2.0 mm in diameter. The patterning of these dots
depends on the kind of refractive correction which is
needed. For example, a pattern of dotted radial spokes
extending from an untreated central circular part of
the cornea is effective in correction of myopia. A
15 dotted circular pattern centered on the corneal axis is
used for correction of farsightedness. One or more
dotted 1linear arrays on a meridian is used for
astigmatic cdrrections. These patterns do not involve
application of shrinkage energy to the visual axis of
4
20 the eye. _
The treatment method is not limited to application
of shrinkage heating in a W"stitched" pattern of
circular dots. For example, if energy is applied in a
series of time-separated dots, the individual dots need
25 not be circular, and a rectangular or other dot shape
may be used to achieve a desired shrinkage effect. It

is also optically possible to apply the shrinkage

EEtar 2

energy as a narrow line, or as a pattern of lines
forming a rectangle or other shape. Thus, for example,
30 .a single application of heating energy can be in a
circular or toroidal pattern. '
In planning specific treatment p:f:b'grams; it is
useful to consider energy density in determining the
pattern of shrinkage radiation. Experimental results
. 35 '~ indicate that energy densities up to about 100 joules .
per square centimeter are consistent with establishing
a desired temperature profile within the stroma, while
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preventi ng excessive heating in the tissue |ayers
st:roma+ Dependi ng on the sel ected energy
per "shot" is typically in
It is also within the scope of this invention to

of tenperature-elevating energy to each stromal

shrinkage is to be effected.
accuratecontrol of

adj oi ning the

pattern, the applied energy
the range of about 0.01 to 5.0 joules. 5

apply multiple shots
zone in which

This can in sone cases provide nore
the profile of tenperature increase within the

strona. - ~17-

&
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" "Corneal Analysis System," is marketed

preventing excessive heating in the tissue layers
adjoining the stroma. Depending on the selected energy
pattern, the applied energy per "“shot" is typically in
the range of about 0.01 to 5.0 joules.

It is also within the scope of this invention to
épply'mu{tiple shots of temperature-elevating5energy to
each stromal zone in which shrinkage is to be effected.
This can in some cases'provide.more accurate control of
the profile of temperature increase within the stroma.
For example, two or three energy pulses (each of about
five to ten milliseconds duration) may be applied to a
single zone, with short-duration ‘interpulse separation
of about 50 to 200 milliseconds.

This invention achieves controlled intrastromal
shrinkage without causing thermal trauma and collagen
coagulation, and a resulting unwanted inflammatory
tissue response. Avoidance of the inflammatory
response (a ;problem characteristic of prior-art
investigations) is an important factor in achieving a
long—duratio% chronic shape change of the cornea for
correction of visual defects.

The overall system may take different forms, and

 one arrangement is shown in FIG. 6 which illustrates in

block-diagram form an optical delivery system which
includes a low-power aiming laser, a means for sensing
unwanted eye movement, and the various associated
controls and displays. Measurement of the refractive
properties of the cornea before, during and after
treatment is made by a corneal topography measuring
device. One suitable such device identified as a

by EyeSys

Laboratories, Houston, Texas. .
Corneal measurement systems of this type typically

make available a color CRT screen display of contour

data,. as well as printout of the- correspondiﬁg
information. These systems identify the astigmatic
axis and permit selection of desired meridians of the

This is the replacement shest
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10 For exanple, two or three energy pul ses (each of about five to

ten m#iliseconds duration) may be applied to a single zone, with
short-duration interpul se separation of about 50 to 200

m | liseconds. This invention achieves controlled intrastromal 15
shrinkage wi thout causing thermal trauma and col | agen coagul ati on,
and a resulting unwanted infl anmatory - tissue response. Avoi dance
of thé “inflammtory response (a p_r_pé)_[ em characteristic of
prior-art i nvestigations) is an inportant factor in achieving a 20

| 0“8 dur ati on ychroni goshéeRe &K&"iﬁ:%s@xfxt e aCQIAI0A Al false-cEDEF %.fstH of

vi ssal defects. rall

tem ma%{‘ta e differen forms and

one arrangenent is shbiReT n ’Tﬁ%ac i E’ﬁxf’:fl do réi@rters or rafins . 8fagram
forman optical deli v@r\ya’ewm dreypiicadily $n nililinetelos) a Patapasmrisdiitiong

| aser, a nmeans for sgpeieg are réf%%ﬂi? d@'&i%iﬂﬁ&&”@ﬂt thangh { theaméA hiagldS
associ at ed contﬁ gﬁ as 8&@1 Siuremen 19 t he, refractive
properties of the coP Be 8F§r St Yery system, (yith & forking, e
by a corneal topogr a@ﬁstmmoﬁgabcut theee ceinche@ne fomt abhe sxaxneddvi ce
These systems tirpically have adjustable
measurement fields (e.g., 0.8mm to 7mm, with a 42.5
10 diopter sphere), and achieve a resolution of about
plus~or-minus one-quarter diopter over the full
selected field. Data-processing time is rapid (in the
range of twenty seconds from measurement to pr:.ntout oxr
screen display) and nearly real time, and image-

15 subtraction routines enable rapid calculation and
display of corneal-healing refractive change by
comparing pre- and post-application images. This

noncontacting measuring system does not affect corneal
surface int;egrity, and the convex-mirror quality of the

20 cornea is' undisturbed as required - for the image-
subtraction technique and other post-energy~application
measurements.

Laser thermal keratoplasty using the laser

exposure parameters discussed above provides an optimal

25 thermal profile in the anterior and midstroma of the
cornea for collagen fibrillar contraction. This
profile is defined as 25° C to 30°C above the normal
physiologic temperature, while maintaining .
substantially physiologic temperature in the epithelium

30 and endothelium.

Collagen is considered to be metabolically inert
in its steady state, and while thermally induced
contraction occurs by the process of 'this 1nvent10n,
temperature elevations are below the thermal tramnat:.c

35 or inflammatory thresholds. In the absence of trauma,
the dimensional collagen reconfiguration is believed to’
exhibit long-term stability. "
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"Cor'neal. Analysis System" is marketed by EyeSys Laboratori es,

"HoUst on? Texas. Corneal measurenment systems of this type
typically nmake available a color CRT screen display of contour 35
data, as well as printout of the corresponding ~information,
These systens identify the astigmatic ' axis and permt selection of
desired neridians of the . : -18- 1
corniea, and present in digital and fal se-color display

...19—
1 | The type-I collagen molecule consists of chains of

300-nm triple helixes joined by 67-nm uncoiled.bonds.
Controlled contractions of the individual fibrillar
molecules require an exposure pattern consistent with
5 - magnitude and radial arc modifications desired.
' An increase in the radius of curvature of the
cornea results in the effective shortening of the focal"
length' of the visual system of the eye, while a
decrease in the radius or steepening of the cornea
10 increases the focal length. A correction of myopia
requires an increase of the radius, while hypermetropia
is treated by deczjeasing the corneal radius of

curvature. Corneal astigmatism is modified by-
flattening in the myopic meridian, while an opposite
15 effect occurs at right angles to this recurvature.

This thermal keratoplasty process, therefore,
requires not only an optimal thermal profile in the
sagittal ?imension, ‘but to be effective in the
modification of refractive error, also requires an

20 exposure rpattern in the plane of the corneal surface
consistent with the desired magnitude and direction of
radial arc changes. Studies on experimental animals
have identified several exposure patterns resulting in
corneal curvature modifications for myopic,

25 hypermetropic, and astigmatic errors.

A 2-3mm central laser exposure spot in the visual
axis results in a maximal flattening of the corneal
radius of curvature of from 0.5 to 18 diopters,
depending upon energy level and exposure duration. A -

30 transient stromal haze occurs, but fades within 48
hours following energy application.

In orxder to avoid exposure in the visual axis, two
additional effective flattening patterns have b_een'
identified. Each of these patterns or arrays ;pare the

35 3-mm central optical zone.

One array utilizes a symmetrical radial pattern of

six to eight lines each comprising about six individual

This is the regplacement sheet
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either refractive power in diopters or radius of curvature (typically
in"mllTmeters). Data-acquisition optics are preferably positioned on
the slitlanp base 5 of the laser optical delivery system with a

wor ki ng di stance of about three inches fromthe corneal surface.
These syst ens typically have adj ust abl e measurenent fields’
(e.g.,. 0.8mMmto 7mm wth a 42.5 10 di opter sphere), and achi eve a

resol uti on of about pl us-or-m nus one-quarter diopter over the full"
sel ected field. Data-processing tinme is r gid (in the range of twenty
ieands from neasurenment to printout or ~ screen display) and nearly
‘eal tinme, nd i =D, ragt rpeli.ne ab

Cal cul ati onf andrngg m}ds%o sSLgHa ?8 égéhr}:eéf% il §?| ﬁpref')'fear}:tié{llye:ﬂ change by

conparing pre- an&fps&t%?fb‘m%%ﬁoﬁee'} r?&&éé“ed “Prﬁ*t this pahbexRnt acting
neasur i ng system does amdtled,candcpexhaps most desiredcpattexny iifsy thand t he

convex- i rror - quabibyugfeldift 2 d;&@fﬁﬁﬁ:d. Yedi ShUTPESLAS IEGunged for

t he i mage- traction techni gue and ot her post-ener | 1 cation
neasure%ent%. , eXposures, sparing the 3-mm centraf optlcaIQQGn.pp No

haze is experienced and up to 15 diopters of myopic

correction has been obtained with a multipulsed laser.

The resulting refractive correction has persisted

throughout an observation period exceeding 18 months.

0. Since an inflammatory tissue response does not occur,

it is likely that the reconflguratlon is of protracted
duration, and perhaps permanent.

Steepening occurs over a lafgé range . of

corrections as the ring or circumferential pattern

15 encroaches upon the peripheral cornea beyond 5 mm from
the visual axis. Similar long-term duration is
obtained.

Mer;dxonal modification is obtained by parallel
lines 3-mm. apart, and above and below the central -
20 optical rzone in the direction of the meridian, each
line utilizing 5 or 6 individual 0.5-mm exposure spots.
There has been described a new and effective
system for irradiation of collagen tissue to produce
corrective shape changes by controlled and predictable
25 collagen shrinkage. While disclosed as a corneal
shape-modifying. technique, the system has application
to other collagenous bodies, and is believed useful in
fields ranging from cosmetic surgery to correction of
defective heart valves or musculoskelétal injuries.
30

35
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Laser thermal keratoplasty using the |aser exposure paraneters

di scuss®d above provides an optimal 25  thermal profile in the anterior
and mdstroma of the cornea for collagen fibrillar contraction. '
Thi s profile is defined as 25[err]C to 30[err] C above the norma

physi ol ogi ¢ t enperature, whi |l e mai nt-ai ni ng substantial l'y

physi ol ogic tenperature in the epithelium 30 n '

Col l agen is considered to be netabalgcally ine lml "fl ml 'l "Q‘steady
state, and while thermally induced _ cont r &t icontocturs t he process
of this invention, tenpérature el evations are bel ow the thernal
traumatic 35 erarmé | ammatory thresholds. I n-the absence of trauma

t he di nensi onal coll agen reconfiguration is believed to exhi bit
|l ong-termstability.

1. Aéparatus for shrinking collagen ' tissue
comprising means for generating radiation in a wavelength
range of 1.80 to 2.55 microns, and means for delivering
such radiation to the tissue in a‘controlled pattern.

‘5 2. Apparatus according to Claim 1, wherein the
generating means is adépted to generate the radiation in
pulses each with a duration in the range of 0.01 to 1.0

second.
. 3. Apparatus according to Claim 1 or cClaim 2,
10 wherein the delivering means is adapted to focus the

radiation to achieve an energy density at its target of up
to 100 joules per square centimeter.
4, Apparatus according to any preceding Claim,
wherein the delivering means is adapted to deliver the
15 radiation in a pattern of dots. .
' 5. Apparatus according to Claim 4 wherein the
delivering means is adapted to deliver each dot in the
form of a spot with a diameter in the range of 0.25 to 2.0
millimeters. .
20 6. Apparatus according to any of Claims 1 to 3
wherein the delivering means is adapted to deliver the
. radiation in a line pattern. .
7. Apparatus according to Claim 6 wherein the
pattern is created in a single application of said
25 radiation. '
8. Apparatus according to any preceding Claim
including means for cooling an anterior surface of the
cornea during irradiation.
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The type-1 collagen nol ecul e consists of chalns of 300-nmtriple

heFi xes* j oi ned by 67-nm uncoi |l ed bonds. - * Controlled contractions of
the individual fibrillar - nol ecul es require an exposure pattern
consistent with 5 magni t ude and radi al arc nodifications desired.

An increase in the radius of curvature of the cornea results in the
ef fective shortening of the focal | ength of the visual systemof the
eye, whille a decrease ‘in the_gadi us or steepening of the cornea 10
increases the focal length. A correction of myopia - requires an

i ncrease of the radius, while hypernetropia is treated by decreasing
the corneal radj ' curvature. Corneal astigmatism is
modified by Hetraer

COLLAGEN TREATMENT APPARATUS AND METHOD
Apparatus for shrinking collagen tissue includes

means for generating radiation in a wavelength range of
5 1.80 to 2.55 microns. The radiation is delivered to the
tissue in a controlled pattern in order to achieve
selective shrinkage thereof. The radiation generator is
conveniently a laser capable'of generating coherent energy
in the manner required. '
10 '
Fig. 3.
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flattening in the nmyopic nerldlan mhlle an opp05|te 15 effect occurs at

right angles to this recurvature. R - *This thermal keratoplasty
process, therefore, requires not only an optimal thermal profile in
t he . sagittal dinension, but to be effective in the ’

nmodi frcati‘on of refractive error, a&;g requires an 20 - . exposure pattern
in the plane of the corneal surface consistent wth the -desired

magni t ude and direct] otz’i radi al arc changes. Studies on
experinmental ani mal . have‘gggﬂplfled sever al exposur e patterns
1 t

resulting in/2 ure nDdlflcatt§%EZﬁ1ég . myopic, 25
ntra Iaser

hypernetropic

cur

exposure spot . ing of

t he cornea H
dependi ng u x
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addi t i onal "Each
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35 ,3~hn1central optical zone. One array utilizes a

symnet ri cal - radi‘al* pattern of six to eight lines each conprising
about si x individual . . -20- 1
0. 5-mm spot s spaced about 0.5-mm apart. Ten diopters of flattening

has been obtained with this pattern. Anot her, and perhaps nost
desired pattern, is the _
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circunferential distribution of individual 0.5-nm5 exposures, sparing

the” 3-nh central optical zone. No haze is experienced and up to 15
~diopters of myopic - correction has been.obtained with a nmultipul sed
laser. . .+« The resulting refractive correction has persisted
t hroughout an observation peri od~exceedi ng 18 nonths. 10 Since an
inflammatory tissue response does not_gQteur, it is likely that the
reconfiguration is of protracted Zgratlon “and per haps permanent.
Steepentng - gccurs over a large rang corrections as the
ring or circunferential pattern 15 encroaches upon the peripheral cornea
beyond 5 mm from ~ the visual axis. Simlar long-term duration
S obt ai ned. Meri di onal nodification is obtained by
paral | el " lines 3-nm apart, and above and bel ow the central 20
optical zone in the direction of the neridian, each line utilizing 5
or 6 individual 0.5-nmm exposure sSpokp%. There has been descri bed
a new and effective system f ridi ati on of collagen tissue to
produce corrective shape chandes by controlled and predictable
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generating means is a laser.
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1. Apparatus for shrinking collagen tisgsie” bené‘"‘tﬁ“
a body surface, comprlslng means for generating infra-red
radiation of a wavelength corresponding to a collagen
absorption coefficient within the range 15 to 120 cn’l;
means for generating visible aiming radiation; and megans
for projecting both the infra-red and visible aiming
radiation to the body surface in a pattern of one or more
lines in a circular or linear shape to effect selective
shrinkage of collagen tissue therebeneath. _

2.. Apparatus according to Claim 1 wherein the

-projecting means includes an optical _fiber for carrying

both the infra-red and visible aiming radiation.

3. Apparatus according to Claim 1 or Claim 2
including means for conducting heat from the body surface
when the infra-red radiation is projected thereon.

4. Apparatus according to Claim 3 wherein the heat
conducting means is a. heat sink elemént transparent to
both the infra-red and visible aiming radiation for
disposition on said body surface.

5. Apparatus according to any preceding Claim
wherein the generating means is édapted to generate the
infra-red radiation in pulses which each have-a duration
in a range from 0.01 to 1.0 second.

6. Apparatus according to any preceding Claim
wherein the projecting means is adapted to focus infra-red

radiation to achieve an energy density at said body

surface of up to 100 joules per square centimeter.
7. Apparatus according to any preceding Claim

.adapted to create said pattern in a single application of

said infra-red and visible almlng radiation.

‘8. Apparatus according to any preceding Claim
wherein the generating ‘means is adapted to generate
radiation within a wavelength range of 2.0 to 2.2 microns.

9. Apparatus according to any preceding Claim
vwherein each of the infra-red and visible aiming radiation

AR AL
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+21- CLAI M5 1. Apparatus for shrinking coll agen tlssue beneath a

body surface, conprising neans for generating 4~ﬁf1’~a: gm nina
wavel ength range of 1.80 to 2.55 microns in p 1563 i ve a
duration in-a range from0.01 to 1.0 second; and a IP@W- ng | aser

for generating visible radiation, botE i ncl udeT TR an optical delivery
system for delivering both the infra éd and the visible radiation to the

body surface img, p ahpBhPaRhs0d cefsaﬁpget&'éfém@ Uhdr G ¥hndddiear
shape to effect sel ecttve shrinkage of “collagen tissue therebeneath.

2. Apparat®is2 BeltBiwmn}aserel aim 1 wherein the delivery systemincludes

an optical fi beilforAﬁﬁéfé(tﬁg batoirag nignf té-raﬁyanﬁréb&tifih% a'dI‘aﬁ.‘ih
radi ati on. paratus _accordin

fo Cam erein the
Drol act | noinelHatig ahAMEEs o EPE. REASILINY e sﬁape 3F' the” n08Y

surface to be modified.

o 12. Apparatus according to Claim 11 including. a
computer for controlling the projecting means in response
to information received from the measuring device.

) OO
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r"ad*l'atio‘n t.0 achi eve an energy density at sai d
j oul es “per square centineter. 4. Apparatt
preceding Claimwherein the generating neans |

radi ation within a wavel ength range of 2.0 to 2.2

REPLACEMENT Srioen
b@ﬂy«._ Wwf @@erﬁ’i«ﬁ L

s# ac

Apparatus according to any preceding Caim V\,herel i The e
generating infra-red radiation is al-aser. nﬂg‘_.___,__Appar at us accg{égl ng

to Caim4 | aser for génér PR far T ed iation
is asolid ta? &5 sgeghﬁs%‘%hgo%ﬂﬁﬁﬁ"&? dVeR 18“%9@-? c%?%‘? = T S '
Appar atus &¥ééenrmgtheb tbﬁyhal%cﬁd'leng:f CGtarmadnctelliaypra weyi ce for
measuri ng t hagssenened. t he body surface to be nodifi ed. 8. Apparatus
according to Caim?7 including a conmputer for controlling the projecting
means in re f lemtircgcei ved from the neasuring device.

10

in accprdance with the present invention, there
is provided

apparatus for shrinking collagen tissue beneath
a body surface, comprising means for generating infra-red
radiation in a wavelength range of 1.80 to 2.55 microns in

pulses which each have a duration in a range from 0.0l to

1.0 second; and a low power aiming laser for generating
visible radlatlon, both included in an optical delivery
system for delivering both the infra-red and the visible

radiation to the body surface in a pattern of one or more

lines in a circular or linear shape to effect selective
"shrinkage of collagen tissue therebeneath.

This invention is directed to collagen connective
tissue shrinkage by the use of laser coherent energy in
the infrared wavelength range of about 1.80 to 2.55
nicrons, and preferably in the range of about 2.0 to
2.2 nmicrons, as generated by a solid-state device such

~as holﬁium-doped yttrium-lithium~fluoride (YLF) or

_ 15

20

25

yttrium-aluninum-garnet (YAG) crystal laser. This type
of laser is relatively compact and easy to operate, and
is capable of generating energy optimally absorbed
within collagen tissue based on the spectral-absorption
coefficients of these wavelengths, without damage or
destruction of adjacent tissue.

In an ophthalmological context, the invention
relates to laser keratoplasty.using a laser having the
aforementioned characteristics for collagen shrinkage
and consequent reshaping of the cornea for correction
of vision errors or defects, Irradiation and resulting
heating of the corneal stroma is preceded by
neasurement or mnmapping of the untreated cornea
contours, and computation of the specific corneal
regions to be heated to broduce the desired corrective
reshaping.
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' Timing of energy delivery to the corneal stroma is
an important factor in achieving an intracorneal
temperature profile which peaks in the generally
central and anterior portion of the stroma, while

limiting temperature increases to safe and nontraumatic

levels in the corneal tissue layers anterior and
posterior of the stroma. The energy should be
delivered in less than one second, and preferably in
about 100 mnilliseconds (pulse or burst modes) to
position the peak temperature correctly within the
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1. Apparatus for shrinking collagen tissue beneath
a body surface, comprising means for generating infra-red
radiation in a wavelength range of 1.80 to 2.55 microns in
pulses which each have a duration in a range from 0.01 to
1.0 second; and a low power aiming laser for generating
visible radiation, both included in an optical delivery
system for delivering both the infra-red and the visible
radiation to the body surface in a pattern of one or more
lines in a circular or linear shape to effect selective
shrinkage of collagen tissue therebeneath.

2. Apparatus according to Claim 1 wherein the
" delivery system includes an optical fiber for carrying
both the infra-red and visible aiming radiation.

3. Apparatus according to Claim 1 or Claim 2
wherein the projecting means is adapted to focus infra-red
radiation to achieve an energy density at said body
surface of up to 100 joules per square centimeter.

4. Apparatus accdrding to any preceding Claim
wherein the generating means is adapted to generate
radiation within a wavelength range of 2.0 to 2.2 microns.

5. Apparatus according to any preceding Claim
wherein the means for generating infra-red radiation is a
laser.

6. Apparatus according to Claim 4 or Claim 5
wherein the laser for generating infra-red radiation is a
solid state laser using holmium-doped YAG or YLG crystals.

7. Apparatus according to any preceding Claim
including a device for measuring the shape of the body
surface to be modified.

8. Apparatus according' to Claim 7 including a
computer for controlling the projecting means in response

to information received from the measuring device.
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