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(57) ABSTRACT 
An Enzyme Orthokeratology method is provided for cor 
recting refractive errors in the eye of a subject mammal. 
Accelerating reshaping of the cornea is accomplished by 
administering a corneal hardening amount of a corneal 
hardening agent to the eye of the subject. Reformation is 
accomplished under the in?uence of a rigid contact lens or 
a series of lenses having a concave curvature that Will 
correct a refractive error. The cornea rapidly reshapes its 
convex curvature to the concave curvature of the contact 

lens, rendering the eye emmetropic. The cornea is permitted 
to “harden” to retain the neW emmetropic shape. After 
“hardening” has occurred, the lens rendering the eye emme 
tropic is removed. 
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USE OF CORNEAL HARDENING AGENTS IN 
ENZYMEORTHOKERATOLOGY 

RELATED APPLICATIONS 

[0001] This application is a continuation Which claims the 
bene?t of priority of US. Pat. Appl. No. 09/656,849, ?led 
Sep. 7, 2000, noW U.S. Pat. No. _, Which is a continuation 
Which claims the bene?t of priority of Int. Appl. No. 
PCT/US99/05135 ?led Mar. 9, 1999, designating the United 
States of America and published in English, Which claims 
the bene?t of priority of US. Pat. Appl. No. 60/077,339, 
?led Mar. 9, 1998; the entire contents of these applications 
are hereby incorporated by reference. This application is 
also related to US. Pat. Appl. No. 08/932,974, ?led Sep. 18, 
1997, noW U.S. Pat. No. 6,132,735; U.S. Pat. App. No. 
08/712,967, ?led Sep. 12, 1996, now US. Pat. No. 5,788, 
957; US. Pat. App. No. 08/211,749, having priority date 
Oct. 15, 1992, now US. Pat. No. 5,626,865; and Us. Pat. 
App. No. 07/776,211, ?led Oct. 15, 1991, now US. Pat. No. 
5,270,051; the entire contents of each are hereby incorpo 
rated by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to methods for accel 
erating non-surgical corneal reshaping involving the release 
of corneal hardening agents Which facilitate reshaping of the 
cornea to correct refractive errors of the eye. 

BACKGROUND OF THE INVENTION 

[0003] The cornea is the clear dome on the front of the eye. 
About eighty percent of the focus, or refracting, poWer of the 
eye is at the cornea. When the cornea is misshapen or the 
axial length of the eye is too long or too short, or When the 
lens of the eye is functioning abnormally, the refractive 
errors of myopia (nearsightedness), astigmatism (blurred 
vision) or hyperopia (farsightedness) can result. Throughout 
history, mankind has experimented With Ways to improve 
vision. Although these Ways have provided many people 
With a reasonable quality of life, they still have limitations. 

[0004] Glasses correct refractive errors of the eye by 
changing the angle at Which the light enters the cornea by 
refracting the light With a lens before it reaches the cornea. 
But for many lifestyles, glasses are very inconvenient. And 
for some people, they do not give the quality of vision 
desired. When the glasses are taken off, the refractive error 
still exists. Contact lenses correct refractive errors of the eye 
by replacing the defective corneal curve With the front curve 
of a contact lens that is calculated to render the eye emme 
tropic, Which is a state Where no visual correction is neces 
sary. But Wearing contact lens also has a price. The Wearer 
must spend considerable time and money both in the main 
tenance and the application of the contacts. There still 
remains a limitation as to the types of activities in Which one 
can participate. And, lastly, long term lens Wearers may 
develop an intolerance to Wearing their lenses as Well as long 
term damage. When the lens is removed, the refractive error 
still remains. 

[0005] Radial Keratotomy (“RK”) is a surgical operation 
to improve myopia by changing the curve of the cornea over 
the pupil. The surgeon makes several deep incisions in the 
cornea in a radial or spoke-like pattern. The incisions are 
intended to ?atten out the central cornea to correct the 
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patient’s vision. HoWever, RK can only be used to correct 
loW amounts of myopia. It cannot address the problems of 
hyperopia. The main draWback is that the cornea is seriously 
Weakened and frequently continues to change shape With 
time. A neWer type of RK that involves making shorter 
incisions is replacing standard RK. But neWer techniques 
using computeriZed assessment, precisely calculated cutting 
patterns, and lasers Will probably result in the rapid decline 
of RK. 

[0006] Photorefractive Keratectomy (“PRK”) is a surgical 
procedure similar to RK involving the use of an excimer 
laser, Which is controlled by a computer that measures the 
shape of the eye and sets the poWer of the laser. With the 
PRK process, the excimer laser permits the ability to sculpt 
rather than cut the surface of the cornea. There are a 
combination of laser machines that With a combination of 
computer controls can reliably treat myopia, hyperopia, and 
astigmatism. HoWever, since PRK is a surgical procedure, it 
can result in complications. Infection is the most serious 
complication. Other possible problems include delayed sur 
face healing, corneal haZe or scarring, over or undercorrec 
tion, and the development of astigmatism. Some individuals 
can have a poor or excessive healing response. The com 
plications must be treated With medications or further sur 
gery. 

[0007] Laser in-situ keratomileusis (“LASIK”) is a surgi 
cal procedure that is a variation on PRK involving an 
excimer laser and a precise cutting machine called a micro 
keratome. An ophthalmologist uses the microkeratome to 
form a circular ?ap on the cornea. The ?ap is ?ipped back, 
as if on a hinge, to expose the inner layers of the cornea. 
With the ?ap folded back, the doctor noW makes the 
refractive correction on the inner layers of the cornea using 
the excimer laser. Finally, the ?ap is repositioned to com 
plete the procedure. With a precision laser treatment and 
normal reattachment and healing of the ?ap, the refractive 
results can be rapid and superb. There is, hoWever, a very 
signi?cant list of potential complications and risks including 
failure of the microkeratome to leave a hinge on the corneal 
?ap With the ?rst incision, loss of the corneal ?ap during the 
operation, loss of the corneal ?ap after the operation, slip 
ping of the ?ap and healing off center, ?rst incision too deep 
or too shalloW, invasion of the surface tissue into the central 
tissue of the cornea, infection of the cornea, loss of visual 
acuity from scarring or optical distortion due to the ?ap not 
being repositioned correctly, technical problems With com 
plex and ?nicky automated cutting devices, and the proce 
dure being much more dependent upon the surgeon’s oper 
ating skills than the computeriZed precision of the 
procedure. 

[0008] Thermokeratoplasty is another corneal reshaping 
method. In thermokeratoplasty heat is applied to the cornea 
to induce shrinkage. Corneal stromal collagen shrinks When 
heated to a temperature of 55° C. to 58° C., Without the 
destruction of the tissue. If the pattern of shrinkage is 
properly selected the resulting change in the stress ?eld and 
mechanical properties caused by the shrunken collagen 
?bers can be used to reshape the cornea. 

[0009] A variety of methods are knoWn With Which to 
practice thermokeratoplasty. For example, U.S. Pat. No. 
4,881,543 discloses one method and apparatus for heating 
the central stroma of the cornea With microWave electro 
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magnetic energy to the shrinking temperature of the collagen 
While circulating a cool ?uid over the anterior surface of the 
cornea. In another example, US. Pat. No. 5,779,696 
describes the use of light energy to reshape the cornea in a 
process knoWn as photothermokeratoplasty. All of the pro 
cesses suffer from a variety of shortcomings, including a 
common ?aW in Which corneas in the treated subjects are 
unstable after the thermokeratoplasty procedure is con 
cluded. 

[0010] Orthokeratology is a non-surgical procedure 
designed to correct refractive errors by reshaping the cornea 
to the curvature required for emmetropia. This is accom 
plished by applying a series of progressive contact lens 
changes that retrain the eye to achieve a corneal curvature. 
HoWever, once a desired corneal curvature has been pro 
duced, retainer contact lenses must be Worn to stabiliZe the 
results or regression may occur. 

[0011] EnZyme Orthokeratology is related to traditional 
Orthokeratology in that it is de?ned primarily as a contact 
lens procedure of correcting refractive errors by reshaping 
the cornea to the curvature required for emmetropia. The 
program is supplemented by chemically softening the cor 
nea. By supplying drugs that soften the cornea, the cornea is 
chemically reshaped by being molded to the concave surface 
of a contact lens having a predetermined curvature. The 
contact lens radius is selected to render the eye emmetropic. 
Retainer contact lenses Will not be required for good visual 
acuity after removal of the contact lens from the cornea and 
regression Will not be a problem. HoWever, the length of 
program of treatment varies from Weeks to months With 
progressive contact lens changes and periodic folloW-up 
examinations. 

[0012] NotWithstanding the foregoing, there remains a 
need for non-surgical methods of correcting refractive errors 
of the eye Which can correct various degrees of refractive 
error and produce relatively permanent results in a much 
shorter period of time. 

SUMMARY OF THE INVENTION 

[0013] An EnZyme Orthokeratology method is provided 
for correcting refractive errors in the eye of a subject 
mammal. Accelerating reshaping of the cornea is accom 
plished by administering a corneal hardening amount of a 
corneal hardening agent to the eye of the subject. Reforma 
tion is accomplished under the in?uence of a rigid contact 
lens or a series of lenses having a concave curvature that Will 
correct a refractive error. The cornea rapidly reshapes its 
convex curvature to the concave curvature of the contact 

lens, rendering the eye emmetropic. The cornea is permitted 
to “harden” to retain the neW emmetropic shape. After 
“hardening” has occurred, the lens rendering the eye emme 
tropic is removed. 

[0014] A method for correcting refractive errors in an eye 
of a subject mammal, comprising the steps of selecting a 
pharmaceutically acceptable corneal hardening agent on the 
basis of its being able to harden the cornea in the eye of the 
subject Without causing damage to the cornea, administering 
to the eye of the subject a corneal hardening amount of the 
agent so that the cornea can be reshaped from a ?rst 
con?guration to a desired second con?guration, ?tting the 
cornea With a rigid contact lens having a concave curvature 
of the desired second con?guration, permitting the cornea to 
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reshape to the desired second con?guration under the in?u 
ence of the lens, and removing the lens When the cornea is 
capable of maintaining the desired second con?guration 
Without the support of the lens. 

[0015] Preferably, the types of refractive errors are 
selected from the group consisting of myopia, hyperopia and 
astigmatism and the corneal hardening agent is a cross linker 
such as an aldehyde. This aldehyde may be selected from the 
group consisting of acetaldehyde, glyceraldehyde, pheny 
lacetaldehyde, valeraldehyde, 3,4-dihydroxyphenylacetal 
dehyde, mutarotational isomers of aldehydes, ascorbic acid 
and dehydroascorbic acid. The corneal hardening agent may 
also be an enZyme, Where the enZyme mediates cross linking 
reactions. Examples of a suitable enZyme include lysyl 
oxidase or prolyl oxidase. In one embodiment, the corneal 
hardening agents may be administered by injection into the 
eye, by topical administration into the eye in the form of eye 
drops or by means of a contact lens. 

[0016] In another embodiment, the additional step of 
administering to the eye a corneal softening amount of a 
pharmaceutically acceptable corneal softening agent suf? 
cient to soften the cornea of the eye so that the cornea can 
be reshaped is performed as part of the method to correct a 
refractive error. In this embodiment, the corneal softening 
agent is an enZyme that degrades proteoglycans in the 
cornea, such as hyaluronidase. 

[0017] Another embodiment of the present invention is a 
kit for performing refractive corrections in an eye of a 
subject mammal, comprising: a corneal hardening agent in 
unit dosage form and a rigid corrective lens having a desired 
concave structure. 

[0018] Still another embodiment of the present invention 
is a reaction mixture comprising: the eye of a subject 
mammal, a corneal hardening agent in unit dosage form; and 
a rigid corrective lens having a desired concave structure. 

[0019] Yet another embodiment is a method of rehabili 
tating corneal irregularity and correcting refractive error in 
an eye of a subject mammal With irregular corneal shape, 
comprising the steps of: identifying a subject With irregular 
corneal shape, selecting a pharmaceutically acceptable cor 
neal hardening agent on the basis of its being able to harden 
the cornea in the eye of the subject Without causing damage 
to the cornea, administering to the eye of the subject a 
corneal hardening amount of the agent so that the cornea can 
be reshaped from a ?rst con?guration to a desired second 
con?guration, ?tting the cornea With a rigid contact lens 
having a concave curvature of the desired second con?gu 
ration, permitting the cornea to reshape to the desired second 
con?guration under the in?uence of the lens, and removing 
the lens When the cornea is capable of maintaining the 
desired second con?guration Without the support of the lens. 
Subjects may be identi?ed for this procedure by diagnosing 
them as having a condition selected from the group consist 
ing of: keratoconus, contact lens induced corneal Warpage, 
contact lens intolerance, corneal ulcers, corneal melting 
disorders, recurrent corneal erosions, pterygium, and irregu 
lar corneal shape or uncorrected refractive error due to 
corneal surgery. 

[0020] Another embodiment of the present invention is a 
method for improving the clinical success of surgery to the 
eye involving the manipulation of a cornea of a subject 
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mammal, comprising the steps of: identifying a subject Who 
has undergone a corneal manipulation, selecting a pharma 
ceutically acceptable corneal hardening agent on the basis of 
its being able to harden the cornea in the eye of the subject 
Without causing damage to the cornea, administering to the 
eye of the subject a corneal hardening amount of the agent 
so that the cornea can be reshaped from a ?rst con?guration 
to a desired second con?guration, ?tting the cornea With a 
rigid contact lens having a concave curvature of the desired 
second con?guration, permitting the cornea to reshape to the 
desired second con?guration under the in?uence of the lens, 
and removing the lens When the cornea is capable of 
maintaining the desired second con?guration Without the 
support of the lens. In this embodiment, the typical corneal 
manipulations are selected from the group consisting of 
radial keratotomy, photorefractive keratectomy, LASIK, 
thermokeratoplasty, corneal transplant surgery, cataract sur 
gery, and corneal reshaping by laser. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 shoWs a plan vieW of an EnZyme Orthok 
eratology rigid gas permeable lens for use in treating myo 
p1a. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0022] EnZyme Orthokeratology includes the use of one or 
more enZymes and/or the use of other agents in conjunction 
With a Orthokeratology contact lens program. In a traditional 
Orthokeratology program, a misshapen cornea is treated 
With a corrective lens to alter its shape and eliminate a vision 
impairment. This procedure bends or compresses the mis 
shapen cornea from a defective ?rst position to a more 
optimum second position. This procedure produces a 
reshaped cornea in Which the visual defect has been elimi 
nated. Unfortunately, these effects are not permanent. Since 
the underlying structural components of the cornea are 
unchanged, the corneal shape noW in an optimiZed second 
position Will eventually revert to the defective ?rst position 
in the absence of the corrective lenses. 

[0023] In contrast to traditional Orthokeratology, the 
methods of EnZyme Orthokeratology according to the inven 
tion alter the shape of the cornea using a corrective lens and 
preserve the desired second position induced by the correc 
tive lenses. This preservation is achieved by altering and 
hardening the structural components of the cornea. Corneal 
hardening may be achieved by inducing cross links betWeen 
the components of the cornea. Cross links are chemical 
bonds formed betWeen corneal components. These cross 
links preserve a structural change induced in the cornea as 
a result of Wearing corrective lenses. In this Way, corneas 
treated With EnZyme Orthokeratology according to the 
invention may take on and hold a neW shape that eliminates 
a vision impairment, preferably Without any need for the 
continued use or support of contact lenses. 

[0024] In the methods of EnZyme Orthokeratology pro 
vided herein, enZymes and/or other agents alter and modify 
the structural corneal components. These enZymes or agents 
may be administered to harden the cornea into the desired 
second con?guration induced by a corneal shape correcting 
methods such as Orthokeratology. The term “harden” is used 
herein to denote the modi?cation or cross linking of corneal 

Sep. 18, 2003 

components. This hardening results in an increased ability of 
a treated cornea to preserve the desired second con?guration 
after the active treatment regime has concluded. 

[0025] I. Structure and Components of the Cornea 

[0026] The cornea itself is composed of ?ve layers. The 
outermost layer is the epithelium, Which is 4-5 cells thick. 
Beneath the epithelium is the a cellular BoWmans mem 
brane. The middle layer is the stroma, Which is composed of 
scattered corneal ?broblasts (keratocytes) among organiZed 
lamellae of collagen, proteoglycans and glycoproteins. 
BeloW the stroma is another acellular layer called Descem 
et’s membrane. The innermost layer of the cornea, com 
prised of a single layer of ?attened cells, is the endothelium. 

[0027] The stroma makes up the bulk of the cornea. It 
composed of highly organiZed collagen, Which accounts for 
the transparency of the structure. The acellular components 
of the stroma consist mainly of collagen, proteoglycans and 
glycoproteins. The collagen is organiZed into lamellae that 
are in turn made up of ?attened, parallel bundles of collagen 
?brils. The keratocytes secrete the stromal lamellae. Of the 
various types of collagen in existence, collagen of more than 
one type has been identi?ed throughout the stroma. 

[0028] The corneal stroma is composed of 78% Water, 1% 
salts, and 21% biological macromolecules, almost 75% of 
Which is collagen ?brils. Collagen is a family of ?brous 
proteins of novel structure and function. It is the most 
abundant protein in mammals and serves, in part, to hold 
cells together. There are a number of types of collagen, 
classi?ed by their amino acid structures. Structurally, a 
collagen ?bril is composed of three protein chains coiled 
about each other in a triple helical conformation. 

[0029] Collagen has a very unusual amino acid sequence. 
Nearly every third amino acid residue is a glycine. In 
contrast, hemoglobin has a glycine content of only ?ve (5) 
percent. Furthermore, collagen has an unusually high con 
centration of the proline and lysine derivatives 4-hydroX 
yproline and S-hydroxylysine. These amino acid derivatives 
play a crucial role in determining the structure of the 
collagen ?bril since they are frequently modi?ed and often 
form cross links. 

[0030] Lysine amino acids may be modi?ed to alter the 
structure of the corneas. These residues may be cross linked 
through an aldol condensation. These cross links serve to 
strengthen the collagen ?bers, presumably by reinforcing the 
collagen triple heliX. The importance of these cross links is 
apparent When one considers the disease scurvy. Scurvy is 
caused by a de?ciency of ascorbic acid. Ascorbic acid is a 
cofactor in the formation of hydroXypyridinium cross links 
betWeen tWo hydroXylysine residues and one lysine residue. 
The degradation of connective tissue that is a hallmark of 
scurvy is due, in part, to a lack of collagen cross links. 

[0031] The modi?cation of collagen proline residues may 
also effect the structure of the protein. The eXtent of proline 
hydroXylation has been shoWn to effect the thermal stability 
of collagen. Collagens from a variety of sources exhibiting 
varying degrees of hydroXylation Were eXamined to deter 
mine their respective temperatures of melting. Interestingly, 
collagen containing a higher percentage of hydroXyproline 
melted at a higher temperature than collagen With loWer 
percentages of hydroXylation. 
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[0032] The connective tissue of the cornea is also rich in 
proteoglycans. Proteoglycans are composed of a hyaluronate 
core, a protein core, and glycosaminoglycans, Which are 
proteoglycan monomers With repeating disaccharide units. 
Approximately 60% of the glycosaminoglycans of the cor 
nea are made up of keratan sulfate, While the remaining 40% 
are mostly chondroitin sulfate. 

[0033] 
tology 

II. Hardening Agents Used in Enzyme Orthokera 

[0034] A number of enZymes and agents may be used to 
perform the corneal hardening function of EnZyme Orthok 
eratology according to the invention. Of particular interest 
are cross linking agents and corneal hardening enZymes. 
HoWever, EnZyme Orthokeratology according to the inven 
tion is not limited to the use of these enZymes and agents, 
and includes chemicals that can be administered to harden a 
cornea through various different mechanisms of action. 

[0035] Federal laW requires that the use of pharmaceuti 
cals in the treatment of patients be approved by an agency 
of the Federal government, the Food and Drug Administra 
tion. Similar approval is required by most foreign countries. 
Only pharmaceutical-grade forms of enZymes and agents are 
to be used in the practice of the present invention in 
accordance With the laWs of the forum state. 

[0036] Corneal hardening agents are to be selected on the 
basis of safety and efficacy. As in conventional EnZyme 
Orthokeratology, the present invention is related to tradi 
tional Orthokeratology in that it is de?ned primarily as a 
contact lens procedure of correcting refractive errors by 
reshaping the cornea to the curvature required for emmetro 
pia. HoWever, the program is supplemented by chemically 
hardening the cornea. By supplying drugs that harden the 
cornea, the cornea is chemically reshaped by being molded 
to the concave surface of a contact lens having a predeter 
mined curvature. The contact lens radius is selected to 
render the eye emmetropic. Retainer contact lenses Will not 
be required for good visual acuity after removal of the 
contact lens from the cornea and regression Will not be a 
problem. The complications and risks of surgery Will be 
prevented by virtue of folloWing these non-surgical steps. 

[0037] A. Aldehydes Used in EnZyme Orthokeratology 

[0038] An aldehyde is a carbonyl group bonded to one 
carbon atom and one hydrogen atom. Formaldehyde, the 
simplest example of an aldehyde, is an exception to this rule 
since it has tWo hydrogen atoms bonded to the carbonyl 
group. A carbonyl group is a carbon-oxygen double bond 
With the carbon having tWo available sites to bond With other 
atoms. The chemical nature of the carbonyl group, namely 
the double bond and the ability of oxygen to orbit six free 
electrons, taking tWo from the double bond, makes this 
group extremely reactive. 

[0039] One chemical reaction in Which aldehydes fre 
quently engage is called the aldol condensation reaction. In 
one aspect of the present invention, aldehydes are reacted 
With each other to form cross links Within corneal compo 
nents using the aldol condensation reaction. In a typical 
aldol condensation reaction, the carbonyl group undergoes 
an enoliZation Where an enolate anion is formed. An enolate 
anion is formed When one pair of electrons is shifted to the 
carbon of the carbonyl group from a neighboring carbon 
atom. A proton acceptor may remove a proton from the 
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neighboring carbon atom in the reaction, and if that acceptor 
is a hydroxyl then Water is formed. As the electrons shift to 
the carbon of the carbonyl group a double bond is formed 
betWeen it and the neighboring carbon atom. This shift in 
electrons causes a pair of electrons to shift from the carbonyl 
carbon to the carbonyl oxygen, creating a negative charge on 
that oxygen. The resulting carbon-carbon double bond of the 
enolate reaction is extremely reactive. 

[0040] The electrons from the enolate anion’s carbon 
carbon double bond attack the carbonyl group of a neigh 
boring aldehyde molecule resulting in a joining or conden 
sation of the tWo molecules The resulting compound is an 
alkoxide that may then be protonated to yield a hydroxyal 
dehyde. The aldol condensation reaction can be used by the 
present invention to cross link various corneal structural 
molecules, including lysine residues located in corneal col 
lagen proteins in a neutral pH Without the addition of an 
additional catalyst, strong acid or base. 

[0041] Corneal collagen contains an unusually large num 
ber of lysine residues. The amine groups at the ends of the 
lysines side chains are used to cross link lysine-containing 
collagen proteins. In the positively charged ammonium 
state, lysyl oxidase oxidiZes the carbon to Which the ammo 
nium group is attached. The nitrogen group leaves resulting 
in the creation of an aldehyde derivative of lysine called 
allysine. The aldehyde groups of neighboring allysines may 
engage in an aldol condensation. The reaction of the tWo side 
chains results in a cross link betWeen the tWo amino acids. 

[0042] Lysyl oxidase also plays a role in the formation of 
a three Way lysine product knoWn as a hydroxypyridinium 
cross link. Four residues in each tropocollagen molecule 
may participate in this type of cross link. These include a 
lysine residue near the amino terminus, a lysine near the 
carboxyl terminus, and hydroxylysines in the helical region 
near the ends of the collagen molecule. Typically hydroxy 
pyridinium cross links are formed betWeen residues of the 
amino terminus of one collagen molecule and the carboxyl 
terminus of a neighboring molecule. In a proposed reaction 
pathWay, hydroxylysine is ?rst converted to hydroxyallysine 
by lysyl oxidase. A mechanism of formation has been 
proposed Where tWo divalent ketoamine cross links may 
interact to produce one trivalent 3-hydroxypyridinium cross 
link. The formation of hydroxypyridinium cross links may 
be an important mechanism in the functioning of the present 
invention. 

[0043] The present invention contemplates the use of a 
variety of different aldehydes to cross link constituent cor 
neal structures particularly collagens and proteoglycans. 
Those aldehydes include acetaldehyde, glyceraldehyde, phe 
nylacetaldehyde, valeraldehyde, 3,4-dihydroxyphenylac 
etaldehyde, glycoaldehyde (the aldehyde form of ethylene 
glycol), pyruvaldehyde, dihydroxy acetone, acetol, glyoxal, 
and mutarotational isomers of aldehydes including glucose, 
fructose, lactose, and other sugars. 

[0044] Other contemplated cross linking agents include 
additional aldehyde compounds and ascorbic acid and dehy 
droascorbic acid. 

[0045] Aldehydes that contain ot-hydrogen can be useful 
cross linking agents in that they can react With N-acetyl 
groups of glycosaminoglycan chains in corneal proteogly 
cans to produce long chain polymeric proteoglycans. 
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[0046] In one embodiment of the present invention, the 
primary aldehyde used to harden a cornea is glyceraldehyde. 
Commonly used scienti?c names for this aldehyde include: 
glyceraldehyde, 2,3-dihydroxypropional and ot,[3-dihy 
droyxypropionaldehyde. Glyceraldehyde is the simplest 
aldose and a derivative of this molecule, glyceraldehyde 
3-phosphate, is a metabolic intermediate product of carbo 
hydrate metabolism. The fact that a derivative of glyceral 
dehyde plays such an important role in cellular metabolism 
implicates the safety of this compound When used to reshape 
the cornea in an otherWise healthy eye. 

[0047] Glyceraldehyde may be obtained from a variety of 
sources including Sigma Chemical Company, Inc., St. 
Louis, Mo.; Aldrich Chemical Company, Inc., Milwaukee, 
Wis.; Fluka Chemical Corp., Ronkonkoma, NY; Fisher 
Scienti?c, Pittsburgh, Pa. Glyceraldehyde exists as a taste 
less solid With a melting point of 145° C. It is a monosac 
charide With the empirical formula (CHZO)3 and a molecular 
Weight of 90.08. Presently purity may vary among commer 
cial suppliers of glyceraldehyde, ranging from approxi 
mately 95% to 98%. The invention should only be practiced 
With the purist form of this compound. 

[0048] In furthering the present invention, the glyceralde 
hyde ophthalmic solution Was prepared under sterile condi 
tions by dissolving glyceraldehyde into a volume of 0.9% 
sodium chloride solution, USP, (McGaW Pharmaceuticals, 
Irvine, Calif.) folloWed by subsequent sterile ?ltration. 
Other drugs such as proparacaine or tropicamide may be 
included to anesthetiZe the cornea. 

[0049] The optimum concentration of glyceraldehyde may 
vary depending on the protocol, the nature of the delivery 
vehicle, and the number of administrations. In general, 
concentrations of glyceraldehyde Will vary Within the range 
of about 0.01% to 10% Weight to volume (W/v). In one 
embodiment, the concentration range of the glyceraldehyde 
solution Will vary from 1% to 5% (W/v). In still another 
embodiment, the concentration of 3% glyceraldehyde is 
used. 

[0050] It is further noted that aldehydes other than glyc 
eraldehyde are contemplated for use in the present invention. 
Such compounds include acetaldehyde, glyceraldehyde, 
phenylacetaldehyde, valeraldehyde, 3,4-dihydroxypheny 
lacetaldehyde, glycoaldehyde (the aldehyde form of ethyl 
ene glycol), pyruvaldehyde, dihydroxy acetone, acetol, gly 
oxal, and mutarotational isomers of aldehydes including 
glucose, fructose, lactose, etc. Suitable alternative aldehydes 
have biochemical characteristics similar to those of glycer 
aldehyde possessing V-hydrogen, including biodegradabil 
ity, loW toxicity, and ready readsorption into the treated area. 

[0051] B. EnZymes Used in EnZyme Orthokeratology 

[0052] In one aspect of the present invention, enZymes are 
used as corneal hardening agents. These enZymes increase 
corneal rigidity by modi?cation of corneal structural com 
ponents. These structural modi?cations comprise of cova 
lent intra- and/or intermolecular cross links, hydroxylation, 
or other modi?cations. In one example, the formation of 
collagen cross links may be exploited to increase corneal 
rigidity or hardness using the methods of the present inven 
tion. 

[0053] In one embodiment, lysyl oxidase is used as an 
enZymatic corneal hardening agent. The enZyme lysyl oxi 
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dase plays a central role in the formation of collagen cross 
link formation. Lysyl oxidase is a 30-kd metalloenZyme 
Which converts the amine side chains of speci?c lysine and 
hydroxy-lysine residues in collagen into aldehydes. Once 
the enZyme has converted the collagen lysine residues to 
their aldehyde derivatives, neighboring lysine residues may 
form cross links by undergoing the aldol condensation 
reaction described above. The formation of collagen cross 
links serve to reduce the mobility of individual collagen 
molecules Within the matrix of the cornea, thus increasing 
the rigidity of the structure. 

[0054] In another embodiment enZymes Which hydroxy 
late collagen residues may be used as corneal hardening 
agents. It is knoWn in the art that certain lysine and proline 
residues are hydroxylated by lysyl hyroxylase and prolyl 
hydroxylase respectively in vivo. These modi?cations may 
also be exploited to induce corneal rigidity or hardness. 

[0055] For example, the extent of proline hydroxylation 
has been shoWn to effect the thermal stability of collagen. 
Thermal stability of a protein re?ects the structural stability 
of the molecule and may denote the presence of stabiliZing 
components Within the protein. Collagen from a variety of 
sources exhibiting varying degrees of hydroxylation Was 
examined to determine their respective temperatures of 
melting. Interestingly, collagen containing a higher percent 
age of hydroxyproline melted at a higher temperature than 
collagen With loWer percentages of hydroxylation. This 
correlation betWeen the respective temperatures of melting 
and the extent of proline hydroxylation implies that an 
increase in this modi?cation may stabiliZe the collagen 
protein. Accordingly, hydroxylases may also be used to 
induce corneal hardness. 

[0056] In another embodiment, hydroxylation may be 
used as a preliminary enZymatic step preparing corneal 
collagen for glycosylation. Here, lysine or proline residues 
in collagen Would be hydroxylated With lysyl hydroxylase or 
prolyl hydroxylase respectively. These residues could then 
be glycosylated through the action of an enZyme like galac 
tosyl transferase and/or glucosyl transferase. These modi? 
cations Would also result in the induction of corneal hard 
ness and are therefore suitable for use in the present 
invention. 

[0057] In addition to these enZymes, other enZymes 
knoWn in the art that alter and modify protein structure may 
be used With the methods of the present invention. Suitable 
enZymes induce protein modi?cations that increase corneal 
rigidity. 

[0058] C. Oxidative Hardening Agents Used in EnZyme 
Orthokeratology 

[0059] An additional group of reagents that are knoWn in 
the art to induce protein crosslinking are the oxidative 
crosslinking agents. These reagents act by producing oxygen 
free radicals. In turn, oxygen free radicals interact With 
labile sites in the cornea resulting in the induction of inter 
and intramolecular chemical bonds. 

[0060] One group of these reagents includes various sul 
fate compounds that are used to form cross-links. Examples 
of these compounds include copper sulfate (CuSO4) and iron 
sulfate (FeSO4). Ascorbic acid and CuSO4 or Fe2(SO4)3 and 
other complexes of copper and iron act as oxidative 
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crosslinking agents. Examples of these complexes include 
cuproxoline, caeluroplasmin, transferrin, lactoferrin, cupric 
gluconate, and others. 

[0061] Chromium sulfate Cr2(SO4)3 is another compound 
that is usable as an oxidative cross-linking agent. 

[0062] The use of ultraviolet light (UV) is also contem 
plated to induce oxidative cross-links. The judicious use of 
UV alone or in combination With various photosensitiZers is 
contemplated for use to induce oxidative cross-links. 
Examples of photosensitiZers include ribo?avin, psoralen, 
Rose Bengal, methylene blue, and others. 

[0063] These oxidative cross-linking methods can be used 
alone to induce cross-links in a subject, or may be using in 
combination With the aldehyde or enZymatic cross-linking 
methods When compatible. For example, UV and ascorbic 
acid may be used in conjunction to induce cross-linking. 
Conversly, CuSO4 and lysyl oxidase may not be used 
simultaneously since, as is Well knoWn in the art, CuSO4 
inhibits lysyl oxidase activity. 

[0064] D. Determining Corneal Hardening Agents and 
Their Dosages 

[0065] The corneal hardening chemicals, such as various 
agents and enZymes, used in the methods of the present 
invention, in addition to the proper dosages of such agents 
and enZymes, can be determined by one of skill in the art 
through routine experimentation. Such experimentation can 
comprise testing a dose of an enZyme or agent on donor 
globes (eyes) mounted in plastic model sockets or testing 
such a dose on laboratory animals. Brie?y, to determine an 
appropriate corneal hardening amount of a knoWn hardening 
agent or enZyme, or an agent or enZyme to be tested for its 
ability to produce corneal hardening, a dose of the agent or 
enZyme is administered to a cornea in a donated eye or a 

cornea of a test animal, and the hardening and toxic effect of 
the agent is thereafter determined. 

[0066] In order to determine Whether an enZyme or agent 
is effective in hardening a cornea Without producing toxicity, 
or, if it is a knoWn hardening agent, Whether a particular 
dosage Will produce corneal hardening Without causing 
toxicity, the enZyme or agent is ?rst mixed in a carrier 
vehicle that is pharmaceutically acceptable to a mammal. 
Preferably, the enZyme or agent is in lyophiliZed (dry 
poWder) form, and is dissolved in isotonic saline. HoWever, 
one of ordinary skill in the art Will understand that a variety 
of pharmacologically acceptable carriers Which do not inter 
fere With the functioning of an enZyme or agent can be used. 

[0067] A test dose of the enZyme or agent in solution is 
then administered to a test cornea in order to determine its 
corneal hardening and toxic effect. In one procedure for 
testing candidates, the test enZyme or agent is ?rst admin 
istered to donor globes (eyes from a human donor) mounted 
in plastic sockets. This procedure is particularly preferred 
for determining the effect of an enZyme or agent on a human 
cornea because in this Way a human cornea can be tested 

Without subjecting a living person to experimentation. A 
donor globe used in this procedure is prepared for experi 
mentation by injecting it with sufficient saline to maintain 
intraocular pressure of the globe at approximately 20 mm 
Hg. 
[0068] The test dose of enZyme or agent is then adminis 
tered to the donor cornea. Such administration can be, for 
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example, by injection of the enZyme into the cornea. Nor 
mally, the lens Will become opaci?ed folloWing this step due 
to the introduction of Water into the eye and a change in the 
refractive index of the eye. After a test period of time, the 
mounted globe is then examined to determine Whether any 
corneal hardening or toxicity has occurred, and if so the 
extent of such hardening and toxicity. 

[0069] The examination of the cornea can be performed, 
for example, through slit-lamp examination to determine the 
clarity of the cornea; pachymetry to measure the thickness of 
the cornea; computer-assisted corneal topography to evalu 
ate surface topographical changes; measurement of the 
tensile strength of the cornea; measurement of the distensi 
bility of the cornea; keratometry to measure central corneal 
curvature; and retinoscopy to measure the refractive error of 
the cornea. The values determined from these tests are 
compared to values determined prior to the administration of 
the agent or enZyme. 

[0070] In addition, a treated cornea in a mounted globe can 
be subjected to a number of other tests to determine the 
strength and viability of the cornea folloWing treatment. For 
example, light, scanning, x-ray diffraction analysis, and 
transmission electron microscopy can be used to examine 
the morphology of the cornea; tissue culture is prepared to 
determine the viability of the cells of the cornea folloWing 
treatment; biochemical studies can be made of the collagens 
and other structural components of the cornea folloWing 
treatment. 

[0071] The foregoing tests of donated globes and corneas 
can be used to verify that use of a particular enZyme or agent 
does not compromise the transparency of the cornea, 
decrease the viability of the corneal cells, or damage the 
structural integrity of the cornea. Testing the use of an 
enZyme or agent on the cornea of a test animal, hoWever, is 
also desirable in order to make sure that the candidate has no 
unexpected effect in living mammals that is not discovered 
during tests of donated eyes. In order to test the effect of a 
particular test enZyme or agent, a test dose in a pharmaco 
logically acceptable carrier solution is administered to a test 
animal, in this case a mammal, so as to deliver that agent to 
the cornea of the animal. 

[0072] FolloWing the administration of an agent to the 
cornea of the animal, the animal’s cornea can be subjected 
to the folloWing examinations: slit lap examination to deter 
mine the clarity of the cornea, anterior chamber and iris; 
pachymetry to measure corneal thickness; computer assisted 
corneal topography to evaluate the surface topographical 
change of the cornea; measurement of the elasticity of the 
cornea; tonometry to measure intraocular pressure; fundo 
scopic examination in order to evaluate the optic nerve and 
retina; keratometry to measure central corneal curvature; 
retinoscopy to measure refractive error; staining With ?uo 
rescein or Rose Bengal to identify damage to the corneal 
epithelium; and indirect ophthalmoscopy. The values deter 
mined through these tests can be compared to values deter 
mined prior to the administration of the enZyme or agent, as 
Well as to values determined for the untreated eye of the 
animal. 

[0073] In addition, a treated cornea of a test animal can be 
subjected to a number of other tests to determine the strength 
and viability of the cornea folloWing treatment. For 
example, light, scanning, and transmission electron micros 
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copy can be used to examine the morphology of the cornea; 
a tissue culture is prepared to determine the viability of the 
cells of the cornea following treatment; and biochemical 
studies can be made of the collagens and other structural 
components of the cornea following treatment. 

[0074] Other corneal hardening enZymes and agents not 
disclosed herein and proper doses of such knoWn and 
unknoWn enZymes and agents can be determined as 
described hereinabove in relation to determining enZymes 
and doses of enZymes. 

[0075] In another embodiment of the invention, a corneal 
softening agent is ?rst administered to a plurality of donor 
globes or to the corneas of an experimental animal, as 
described above. Corneal softening agents include various 
enZymes and agents, for example, proteases and proteogly 
can degrading enZymes, advantageously, hyaluronidases. 
When using experimental animals, once the corneas have 
begun to soften, one cornea of the experimental animal is 
then treated With a test dose of the enZyme or agent to be 
tested for its hardening and toxic effect in order to determine 
Whether the dose of the enZyme or agent can harden or toxify 
the cornea. The other cornea is left alone as a control. When 
using donor globes, a plurality of corneas can be tested, as 
long as one is left untreated as a control. The treated corneas 
can then be tested With a dose of test enZyme or agent. The 
control cornea and tested corneas should be treated for 
approximately the same amount of time in order to be able 
to make a valid comparison of the effectiveness of the test 
enZymes and agents on the tested corneas. 

[0076] After a period of time, the hardness or extent of 
hardening in a previously softened cornea as Well as toxicity 
is compared using the procedures described above With 
reference to determining the extent of corneal hardness and 
toxicity induced by an experimental enZyme or agent. If the 
treated cornea is harder than the control, the test dose of the 
candidate may be determined as being useful in inducing 
corneal hardening, and if the treated cornea is the same as 
the control then the test does of the candidate may be 
concluded to be safe as not causing damage to the cornea. An 
optimal dose may also be established using this method. 

[0077] The present invention further provides a kit for the 
preparation and use of the corneal hardening and softening 
agents from individual components. The kit Will comprise a 
?rst container holding a hardening agent and a second 
container holding a softening agent. In addition, the kit Will 
include instructions to prepare the agents for use by indi 
vidually combining them With a pharmaceutically accept 
able carrier. 

[0078] 
Agents 

III. Methods of Administering Corneal Hardening 

[0079] The foregoing enZymes and agents for hardening a 
cornea may be administered in any Way knoWn to the art. For 
example, in one embodiment, an enZyme or agent is injected 
directly into the eye in a location proximal to the cornea. In 
this embodiment, the enZyme or agent should be mixed in a 
pharmacologically acceptable carrier Which Will not alter the 
effectiveness of the enZyme or agent contained therein. 

[0080] In another embodiment of the present invention, 
corneal hardening enZymes and agents are administered to 
the eye of a subject by topical application in the form of eye 
drops. A sufficient number of drops are applied so as to 
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administer a desired concentration of enZyme or agent to the 
cornea of the subject. The eye drop method of administration 
may be superior to injection based administration based on 
the less discomfort to the cornea of the subject resulting 
from an injection technique. 

[0081] In still another embodiment, alternative means of 
aiding diffusion across the eye into the cornea may be used. 
Such means include, for example, the use of liposomes to 
deliver the active enZyme or agent. The enZyme or agent is 
packaged into liposomes, Which can pass across the lipid 
soluble membrane of the corneal epithelium and into the 
corneal stroma. Other means of aiding diffusion include the 
use of an electrical current to make the outer membrane of 
the eye more permeable to the passage of enZymes and 
agents, knoWn as iontophoresis. Using this procedure, an 
electrical current traveling through a salt solution causes the 
agents to pass into the eye as charged particles. 

[0082] Compounds that enhance the ability of the active 
compounds of the present invention to penetrate the cornea 
are contemplated. A variety of compositions are envisioned 
for use as vehicles by Which to administer the active agents 
of the present invention to the eye of a subject mammal. A 
list of substances includes: acidifying agent, aerosol propel 
lant, air displacement, alcohol denaturant, alkaliZing agent, 
anticaking agent, antifoaming agent, antimicrobial preser 
vative, antioxidant, buffering agent, capsule lubricant, 
chelating agent, coating agent, color, complexing agent, 
desiccant, emulsifying and/or solubiliZing agent, ?ltering 
aid, ?avors and perfumes, glidant and/or anticaking agent, 
humectant, ointment base, plasticiZer, polymer membrane, 
solvent, sorbent, carbon dioxide, stiffening agent, supposi 
tory base, suspending and/or viscosity-increasing agent, 
sWeetening agent, tablet binder, tablet and/or capsule dilu 
ent, tablet disintegrant, tablet and/or capsule lubricant, tonic 
ity agent, vehicle, viscosity increasing, Water repelling 
agent, Wetting and/or solubiliZing agent. In one embodiment 
using glycerol aldehyde, the divalent cation chelator ethyl 
enediaminetetracetic acid (EDTA) and phosphate buffered 
saline solution at a pH of 8.0-8.5 Was effective. 

[0083] In alternative embodiments, sustained release 
vehicles are used. Sustained release vehicles are composi 
tions that act to hold the active ingredients of the present 
invention in functional association With the cornea. Com 
pounds and compositions in the sustained release technology 
are Well knoWn in the art. (See, Controlled Drug Delivery, 
2nd ed., Joseph R. Robinson & Vincent H. L. Lee, Eds., 
Marcel Dekker, Inc., NeW York, 1987). By holding the 
active ingredients in association With the cornea to be 
treated, a sustained release vehicle acts to increase the 
ef?cacy of the active ingredients of the present invention. 
This increase in ef?cacy can be attributed to the sustained 
release vehicle acting to raise the local concentration of the 
active ingredients of the present invention With respect to the 
treated cornea to levels higher than Would be possible 
Without the sustained release vehicle. 

[0084] Sustained release vehicles for use With the present 
invention hold or localiZe the active agents of the present 
invention in proximity to the cornea and have no detrimental 
effects on the cornea or the activity of the agents of the 
present invention. In a preferred embodiment, the sustained 
release vehicle is Water soluble. Examples of suitable sus 
tained release vehicles include: cellulose ethers such as 
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methyl cellulose, methylhydroxypropyl cellulose, methyl 
hydroxyethyl cellulose, hydroxypropyl cellulose, hydroxy 
ethyl cellulose, and sodium carboxymethyl cellulose. Cel 
lulose esters such as cellulose acetate phthalate and 
hydroxypropyl methyl cellulose phthalate; polymers derived 
from at least one acrylic acid, acrylic acid esters, meth 
acrylic acid and methyacrylic acid esters such as methacrylic 
acid-methyl methacrylate polymer and theacrylic acid-ethy 
lacrylate copolymers are also contemplated for use With the 
present invention. Additional polymers contemplated for use 
With the present invention include polymers derived from 
methylvinyl ether and maleic acid anhydride, polyvinylpyr 
rolidone, polyvinyl alcohols, and the like, as Well as mix 
tures of any of the compounds named above. 

[0085] Those of ordinary skill in the art Would knoW at 
What concentrations to use these compounds. In one 
embodiment, polymer concentrations range from about 
0.001% to about 5.0%. In another embodiment, the concen 
trations range from about 0.1 to about 1.0%. An example of 
sustained release formulation containing the corneal hard 
ening agent glyceraldehyde Would comprise glyceraldehyde 
at 3%, sodium carboxymethyl cellulose at 0.5% and bring 
the total volume to 100 milliliters. 

[0086] In yet another embodiment of the present inven 
tion, corneal hardening enZymes and agents are adminis 
tered to the cornea through use of a contact lens. As Will be 
discussed in more detail beloW, the methods of the present 
invention involve the application of a rigid contact lens to a 
cornea in a suboptimal ?rst conformation in order to reshape 
that cornea to a desired second conformation. In one 
embodiment of the present invention, the ?tting of the 
contact lens and the administration of a corneal hardening 
enZyme or agent occurs simultaneously. In an alternative 
embodiment of the present invention, the ?tting of the 
contact lens and the administration of a corneal hardening 
enZyme or agent occurs sequentially. 

[0087] As an example of one embodiment of the present 
invention, a corneal hardening amount of a corneal harden 
ing agent is loaded into a chamber inside a rigid contact lens, 
preferably one Which is gas permeable. Alternatively, the 
enZyme or agent can be loaded or impregnated into a soft 
lens capable of taking up the enZyme or agent by soaking the 
soft lens in a solution containing the enZyme or agent. The 
enZyme or agent can also be loaded into a combination of a 
soft and a rigid lens. 

[0088] In all of the folloWing embodiments of a contact 
lens for administering a corneal hardening enZyme or agent, 
the enZyme or agent is administered as it diffuses out of (is 
released from) the chamber in the lens or the material of the 
lens (if the enZyme or agent is soaked into a soft lens). 
Dosages for different refractive conditions and contact lens 
delivery vehicles can be optimiZed through routine experi 
mentation by one of skill in the art. 

[0089] In accordance With one method of administration 
through contact lenses of the present invention, corneal 
hardening enZymes and agents can be applied to the eye 
through the use of rigid contact lenses. These lenses can be 
made from knoWn ?uoro silicone acrylate lens materials, 
Which are gas permeable. The lens is provided With an 
internal chamber for storing the corneal hardening enZyme 
or agent. The chamber preferably comprises a radially 
symmetrical space encircling the entire lens betWeen the 
anterior surface and posterior surface of the lens. 
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[0090] Rigid lenses for the present purpose can conve 
niently be made by lathe cutting, molding, or milling a 
posterior component and an anterior component from a 
contact lens button Which, during fabrication, can be secured 
together to form a unitary lens using bonding techniques or 
adhesives knoWn in the art. The chamber can be formed by 
lathe cutting an annular recess into the convex surface of the 
posterior component of the lens before the ?nal lens fabri 
cation. Any of a variety of dimensions can be used in 
accordance With the present invention, a preferred lens is 
provided With an annular chamber having a Width of 
approximately 1.0 mm to about 1.5 mm and a depth of from 
about 0.05 mm to about 0.10 mm. 

[0091] Aplurality of microscopic holes are provided in the 
posterior portion of the lens to alloW ?uid communication 
betWeen the chamber and the eye, thereby facilitating the 
timed release of the corneal hardening enZyme or agent into 
the cornea. These holes may be provided by mechanical or 
laser drilling, or by molding prior to assembling the anterior 
component and posterior component of the lens. In one 
embodiment the holes are drilled using a mechanical drill 
having a microcarbon drill bit. 

[0092] The pumping action of the eyelids combined With 
natural tearing assists the release of the corneal hardening 
enZyme or agent through the tiny holes. Preferably, the holes 
are produced by mechanical drilling With a microcarbon bit 
and Will have a diameter of from about 0.002 mm to about 
0.010 mm, and preferably about 0.005 mm. The number and 
diameter of the holes can be varied to affect the time release 
characteristics, as Will be apparent to one of skill in the art. 
In general, hoWever, for the diameter ranges speci?ed above, 
from about 3 to about 10 holes are contemplated to be used. 

[0093] In one embodiment of the lens, the posterior por 
tion of the lens has a centerpoint thickness of approximately 
0.12 mm and an annular recess is lathed to a depth of, about 
0.075 mm. A number of holes, each having a diameter of 
about 0.005 mm, are drilled through the bottom of the 
chamber and spaced equidistantly apart around the periphery 
of the chamber to provide communication With the posterior 
surface of the lens. The number of holes in a lens Will vary, 
depending on the desired rate of administration of corneal 
hardening enZyme or agent from the chamber. 

[0094] The anterior portion of the lens, having a center 
point thickness of about 0.12 mm is thereafter secured to the 
posterior portion to enclose the annular recess and form a 
chamber, thereby forming a lens having an overall center 
thickness of about 0.24 mm. Bonding can be accomplished 
by applying a small amount of a bonding agent such as 
ConciseTM enamel bonding system sold by 3M (St. Paul, 
Minn.). Other means of joining the posterior and anterior 
portions of the contact lens Will be apparent to those of skill 
in the art. 

[0095] Posterior radii of curvature of the lens are selected 
that Will reshape the anterior corneal curvature to a shape 
required for rendering the eye emmetropic (no unaided 
correction). The posterior and anterior con?gurations of the 
contact lens in accordance With the present invention are 
similar to those used in conventional Orthokeratology ?tting 
procedures. In general, the convex anterior surface of the 
lens approximates a substantially uniform radius of curva 
ture along all planes, and can vary from an aspherical design, 
a tenticular design, a spherical design, or any other con?gu 
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ration necessary to accommodate the ?tting needs of a 
patient. The concave posterior surface of the lens is divided 
into several discrete Zones, each having a unique curvature. 
For example, a posterior central base curve may be radially 
symmetrically disposed about the centerpoint of the lens. An 
intermediate posterior curvature may be disposed annularly 
about the radial outer periphery of the posterior central base 
curve. Adjacent to the radially outWard side of the interme 
diate posterior curvature may be a third peripheral posterior 
curvature. Thus, the lens can be considered to comprise three 
distinct Zones, a central optic Zone, an intermediate Zone, 
and a peripheral Zone. Preferably, in accordance With the 
present invention, an annular chamber may be disposed 
Within the intermediate Zone. 

[0096] In another aspect of the present invention, a contact 
lens is provided Which is composed of tWo layers Which are 
laminated together. In this advantageous design for a contact 
lens of the present invention, larger chambers for storing 
corneal hardening enZyme or agent can be created. 

[0097] In this contact lens, an anterior portion of the 
contact lens may be manufactured having an anterior surface 
and a posterior surface. A posterior portion of the contact 
lens may also be manufactured With an anterior surface and 
a posterior surface. The outer perimeter of the posterior 
surface of the anterior portion may be designed to have the 
same radius of curvature as the outer perimeter of the 
anterior surface of the posterior portion. In this Way, When 
the posterior surface of the anterior portion and the anterior 
surface of the posterior portion are laminated together, a seal 
may be formed betWeen the outer perimeters of the anterior 
and posterior portions. 
[0098] HoWever, in a central portion of the anterior por 
tion, the posterior surface may have a steeper radius of 
curvature than the anterior surface of a central portion of the 
posterior portion. Because of this steeper radius of curva 
ture, When the anterior portion and the posterior portion are 
laminated together, a chamber is formed betWeen the central 
portion of the anterior portion and central portion of the 
posterior portion of the contact lens. The volume of the 
chamber can be adjusted by changing the radii of curvature 
of the posterior surface of the central portion and of the 
anterior surface of the central portion, as Will be apparent to 
one of skill in the art. 

[0099] Prior to manufacture, one or more holes may be 
made in the central portion of the posterior portion of the 
contact lens of this design. The holes may be produced by 
mechanical drilling With a microcarbon bit or by means of 
a laser such as an argon laser, and Will have a diameter of 
from about 0.002 mm to about 0.010 mm, and preferably 
about 0.005 mm. The number and diameter of the holes can 
be varied to affect the time release characteristics, as Will be 
apparent to one of skill in the art. Thus, the rate at Which a 
dose of a corneal hardening enZyme or agent is dispensed 
from the chamber is largely controlled by the siZe and 
number of holes present in the central portion of the poste 
rior portion of the lens. In general, hoWever, for the diameter 
ranges speci?ed above, from about 3 to about 10 holes are 
contemplated to be used. These holes may be spaced around 
the central portion of the posterior portion of the contact lens 
in order to provide communication betWeen the chamber and 
the surface of the eye of a subject Wearing the lens. 

[0100] In a preferred embodiment of this lens, the poste 
rior portion of the lens may have a centerpoint thickness of 

Sep. 18, 2003 

approximately 0.125 mm. The anterior portion of the lens 
may have a centerpoint thickness of about 0.125 mm. When 
the anterior portion and the posterior portion are joined, a 
lens is created having an overall center thickness of about 
0.24 mm. If it is desired to change the shape of a cornea With 
increased rapidity, a lens of increased thickness can be used 
Which eXerts more pressure on the cornea to conform to the 

desired con?guration. Bonding can be accomplished by 
applying a suf?cient amount of a bonding agent such as the 
ConciseTM enamel bonding system sold by 3M (St. Paul, 
Minn.). Other methods of bonding Will also be apparent to 
one of skill in the art. 

[0101] As With other embodiments of the present inven 
tion, concave radii of curvature of the posterior surface of 
the posterior portion of the lens are selected that Will reshape 
the anterior corneal curvature to a desired shape required for 
modifying corneal curvature and reducing refractive error. 
Thus, the posterior and anterior con?gurations of the contact 
lens of this aspect of the present invention are similar to 
those used in conventional Orthokeratology ?tting proce 
dures, as previously described and as are knoWn to those 
skilled in the art. 

[0102] A lens of this embodiment of the present invention 
may be made from knoWn ?uoro silicone acrylate lens 
materials. Such rigid lenses can be made by lathe cutting, 
molding, or milling a posterior component and an anterior 
component from a contact lens button. After the anterior and 
posterior components are manufactured, they can be secured 
together to form a unitary lens using bonding techniques, 
adhesives, or any other method of attachment knoWn to the 
art. For eXample, an enamel bond system can be used to join 
the anterior and posterior contact lens portions. An eXample 
of such a system is the ConciseTM enamel bond system sold 
by 3M (St. Paul, Minn.). 
[0103] In an alternate embodiment of a contact lens of this 
aspect of the present invention, a lens is provided Which has 
a peripheral chamber rather than a chamber in the central 
portion of the lens. In this embodiment, the lens may be 
composed of an anterior portion and a posterior portion 
Which are laminated together. In this embodiment, a cham 
ber is provided in an intermediate portion of the lens. 

[0104] In another embodiment, the chamber may be 
formed in the intermediate portion of the lens by providing 
an area of the posterior surface of the anterior portion of the 
lens, Which has a steeper radius of curvature than that found 
in the remainder of the posterior surface of the anterior 
portion of the lens. As in the foregoing embodiment of a 
chambered contact lens, the volume of corneal hardening 
enZyme or agent Which can be contained in the lens and thus 
administered to a subject is largely determined by the radius 
of curvature of the posterior surface of the interior portion of 
the lens in the intermediate portion of the lens, as Well as by 
the radius of curvature of the anterior surface of the posterior 
portion of the lens in the intermediate portion of the lens. 

[0105] The posterior portion of the lens is also provided 
With holes through the posterior portion of the lens in the 
intermediate portion of the lens. These holes serve to alloW 
the transfer of the contents of the chamber from the chamber 
to the eye of the subject. The number and siZe of the holes 
Will largely determine the rate at Which a corneal hardening 
enZyme or agent is delivered to the eye. 

[0106] Although the embodiments of a chambered contact 
lens have been described as being produced by laminating 
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together an anterior portion and a posterior portion of the 
lens, one of skill in the art Will recognize that other methods 
of forming the previously described chambers are also 
possible. 

[0107] Day and/or night Wear of these Enzyme Orthok 
eratology lenses may be used. The cornea can generally be 
reshaped in a matter of several hours to a feW days. The 
reshaping progress can be monitored using conventional 
methods. 

[0108] The lens of the present invention can be utiliZed to 
correct myopia, astigmatism, and hyperopia. 

[0109] In accordance With a further delivery method of the 
present invention, a soft lens bandage or shield may be 
soaked or charged With a dose of the corneal hardening 
enZyme or agent. The soft lens may then be properly ?t to 
the cornea and Worn for a matter of hours to release the 
enZyme or agent into the cornea. After the enZyme or agent 
sufficiently hardens the cornea, the soft lens either dissolves 
or is taken off. 

[0110] One type of soft lens for use With this method is a 
collagen material Which tends to uptake a relatively high 
volume of solution containing enZyme or agent and release 
it relatively sloWly. The material may be highly puri?ed 
bovine collagen. The diameter ranges from about 13.5 mm 
to about 16 mm. Base curves preferably range from about 
8.0 mm to about 9.5 mm. The DK (Which is a measure of the 
oxygen permeability of a material) should be about 50 and 
the H20 hydration percentage should be about 83%. 

[0111] One lens that may be found to be particularly Well 
suited for the practice of this aspect of the present invention 
is the MedilensTM corneal shield available from Chiron 
Ophthalmics, Inc. of Irvine, Calif. The MedilensTM corneal 
shield is a clear, pliable thin ?lm fabricated from bovine 
tissue. This tissue has a high percentage of collagen closely 
resembling the collagen molecules of the human eye. 

[0112] The MedilensTM corneal shield is stated to provide 
protection and lubrication to the ocular surface, gradually 
dissolving Within approximately 24 hours. The dry Weight of 
the lens is approximately 5 .5 mg, and Wet Weight folloWing 
loading With a solution containing an agent or enZyme is 
approximately 34 mg. Loading is accomplished by soaking 
the lens in a solution, as previously described, for approxi 
mately 60 minutes at room temperature. The uptake of the 
lens has been measured to be approximately 28.5 mg, and 
the hydration of the lens is approximately 84%. In volume 
terms, the uptake of the lens is approximately 200-300 pL. 

[0113] Other types of soft lens materials tend to uptake 
less of a solution containing an enZyme or agent and also to 
release it more quickly. Examples of such materials are 
common hydrophilic soft lens materials such as eta?lcon A 
and phem?lcon A, available as ACUCUE from Johnson & 
Johnson Vision Products, Inc. (NeW BrunsWick, N1.) and 
Wesley Jessen (Des Plaines, 111.). These lenses can be the 
disposable or long-term Wear variety. Lens having an H2O 
content of betWeen about 58% and about 70% may be found 
to be useful in the present method. 

[0114] Simultaneously or sequentially With release by the 
soft lens or other delivery vehicle of the corneal hardening 
enZyme or agent into the cornea, a rigid contact lens is then 
?t to the cornea. The rigid contact lens rapidly reshapes the 
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treated cornea. A contact lens is used Which has a posterior 
radius that Will reshape the anterior cornea to a curvature 
required for emmetropia. The reshaping process may take 
from several hours up to a feW days. 

[0115] In one embodiment, the rigid contact lens may be 
?tted over the central portion of a soft contact lens Which has 
been loaded With a corneal hardening enZyme or agent While 
that soft contact lens is on the eye of a patient. Due to the 
intraocular pressure of the eye, the treated cornea Will tend 
to steeperi in curvature. While this may be desirable in the 
case of hyperopia, this should be controlled in treating 
myopia and other conditions. And even When treating 
hyperopia, the amount of deepening in corneal curvature 
should be controlled. Therefore, it may be desirable to place 
a rigid contact lens over a soft lens Which is delivering 
enZyme or agent in order to control the change in shape of 
the cornea prior to the time that a rigid lens is ?tted directly 
onto the eye in order to reshape the cornea. 

[0116] In another embodiment, a rigid lens may be fused 
to the central portion of a soft contact lens Which delivers 
corneal hardening enZyme or agent to the cornea. In this 
Way, the chances of having errors due to an improper ?tting 
of the rigid lens over the soft lens can be avoided. 

[0117] In accordance With a further embodiment of the 
present invention, a saturn-type contact lens, such as the 
SoftpermTM lens sold by Sola Barnes Hynds-Pilkington may 
be utiliZed. This type of lens comprises a lens With a rigid 
center and a soft lens peripheral skirt. The rigid, preferably 
gas permeable center contains no enZyme or agent Whereas 
the soft lens peripheral skirt may be soaked in a solution 
containing the corneal enZyme or agent. 

[0118] The peripheral skirt of the saturn-type lens may be 
manufactured from synergicon A copolymer available from 
Wesley Jessen (Des Plaines, Ill.). The rigid non-hydrophilic 
center may typically be from about 5.5 mm to 6.5 mm in 
diameter and has only about 0.2% H20 absorption. The 
outer periphery is polymeriZed into a soft hydrophilic skirt 
extending circumferentially about the outer periphery of the 
center and may have a Width of from about 3.0 to 4.0 mm, 
and about 25% H2O absorption. The base curve of this 
saturn-type lens ranges from about 7.2 mm to 8.2 mm. 

[0119] As the saturn-type lens is Worn, the corneal hard 
ening enZyme or agent is released into the cornea from the 
soft peripheral skirt, modifying the cornea in hours. The 
rigid center of the saturn-type lens immediately begins 
reshaping the cornea. The rigid center has a posterior radius 
of curvature that Will reshape the anterior cornea to a 
curvature required for emmetropia as has been discussed. 
The cornea is reshaped from several hours to a feW days. The 
soft lens skirt gives added comfort and less edge sensation 
Which helps the Orthokeratology process and encourages 
retainer lens Wear. 

[0120] The corneal hardening enZyme or agent dissipates 
out of the cornea in a feW days While the cornea assumes its 
neW shape. The saturn-type lens or another rigid retainer 
may preferably Worn for a feW more days to stabiliZe the 
neW corneal shape. The lens is then removed. 

[0121] A “fused soft lens” contact lens system can also be 
used to release the corneal hardening enZyme or agent into 
the cornea and simultaneously reshape it. In this embodi 
ment of the present invention, an annular ring of soft lens 
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type material is fused to the inside intermediate curve and 
peripheral curve of a rigid gas permeable contact lens. The 
resulting fused (soft) lens is soaked in the enZyme or agent, 
and the chemical is retained in the soft lens portion. The 
chemical is then time released into the cornea, Which modi 
?es it. 

[0122] The rigid preferably gas permeable center has a 
posterior central curvature that reshapes the anterior cor 
nea’s curvature to a shape Which corrects refractive error, 
preferably a shape Which renders the eye emmetropic. The 
rigid contact lens center is preferably a ?uoro-silicone 
acrylate material With a Dk of about 60-92. The diameters 
vary from about 7.5 mm to 10.5 mm and the base curves of 
the rigid lens vary from about 7.0 mm to 9.0 mm. The “fused 
on” soft lens portion is a hydrophilic soft lens material such 
as eta?lcon A or phem?lcon A. Attachment of the annular 
ring to the rigid contact lens is accomplished by an adhesion 
process. The Width of soft annular ring varies betWeen about 
0.75 and 1.5 mm each side. 

[0123] IV. The Procedure for Use of Hardening Agents in 
EnZyme Orthokeratology 

[0124] A. Procedure Generally 

[0125] The present invention contemplates the use of 
corneal hardening agents to alter the shape of a subject’s 
cornea from a suboptimal ?rst position to a desired, opti 
miZed second position. An EnZyme Orthokeratology contact 
lens must be properly ?t to the surface of the cornea. When 
the corneal hardening agent is applied, the cornea hardens to 
lock the proper corneal shape in place. 

[0126] The EnZyme Orthokeratology method provided 
herein may include the use of a corneal softening agent. The 
corneal softening agent aids in altering the shape of a 
subject’s cornea. An EnZyme Orthokeratology contact lens 
must be correctly ?t. When a corneal hardening agent is 
applied, the cornea hardens to attain the proper corneal 
shape. 

[0127] FolloWing hardening of the cornea, the corrective 
lens is removed and the subject’s cornea retains the desired 
altered conformation. Unlike traditional Orthokeratology 
methods, the present invention does not require the use of 
retainer lenses to prevent or inhibit the regression of the 
cornea to the suboptimal original condition. Also, the time 
course of treatment of the present invention may be reduced 
compared to that of other EnZyme Orthokeratology meth 
ods. The time course of treatment using the present inven 
tion may be shorter since the use of a corneal hardening 
agent eliminates the need for one to Wait for the corneal 
softening agent to act. Reduction of treatment time may 
provide increased success rates since the levels of subject 
participation are minimiZed. 

[0128] B. Rigid Contact Lens Design 

[0129] One preferred embodiment of the rigid contact 
lenses designed for EnZyme Orthokeratology comprises a 
lens made of a ?uoro-silicone-acrylate material (methyl 
methacrylate di?uoroitaconate siloXanyl copolymer) avail 
able from Paragon Optical (Reading, Pa.). The high oXygen 
permeability of this material DK60—DK151><10—11, alloWs 
sleeping in the lens if necessary. The lens also has eXcellent 
Wettability. 
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[0130] In one preferred lens design, the preferred lens 
possesses a reverse geometry sculpture. The design consti 
tutes a plurality of curve planes comprising the geometry of 
the lens Which is used to alter the shape of the cornea during 
the EnZyme Orthokeratology procedure. In one embodi 
ment, the lens contains four curves Which comprise the 
geometry of the lens. In another embodiment, the reverse 
geometry lenses have tWo curves steeper than the base 
curve. The shape and design of these lenses produce the 
desired results in reshaping a subject’s cornea from a 
suboptimal ?rst position to an optimal second position 
Within hours to days of application. 

[0131] FIG. 1 shoWs a plan vieW of an EnZyme Orthok 
eratology rigid gas permeable lens 10 for use in treating 
myopia. The shape of the lens is determined by the defor 
mation of the cornea Which is to be corrected. Accordingly, 
the lenses of the present invention are shaped to correct 
various corneal irregularities. 

[0132] The lenses of the present invention use principles 
of hydrodynamics and a push-pull system to alter the shape 
of a cornea to a desired conformation. In the embodiment 
shoWn in FIG. 1, the ?at base curve 12 pushes against and 
compresses the central cornea into a signi?cantly reduced or 
longer radius. The central cornea is simultaneously pulled or 
redistributed into the steep curvature Zone 14. The centration 
curve Zone 16 centers the lens and limits the How of the 
cornea in response to the forces imposed by the ?at base 
curve and the steep curve. The ?at peripheral curve 18 
alloWs for tear eXchange and movement of the lens on the 
surface of the eye. 

[0133] One preferred embodiment of the rigid contact 
lenses designed for EnZyme Orthokeratology comprises a 
lens made of a ?uoro-silicone-acrylate material (methyl 
methacrylate di?uoroitaconate siloXanyl copolymer) avail 
able from Paragon Optical. The high oXygen permeability of 
this material alloWs sleeping in the lens if necessary. The 
lens has eXcellent Wettability With a loW Wetting angle. 

[0134] The ?at base curve Zone 12 (FIG. 1) corrects the 
refractive error of the eye to improve unaided visual acuity. 
Generally the ?at base curve (optical Zone) 12 diameter 
ranges from about 6.0 mm to 7.0 mm and is equal to the base 
cuve in millimeters. The steep curve Zone 14 lies outside of 
the ?at base curve Zone 12 and has a Width range from about 
0.6 mm to 0.8 mm. The steep curve Zone 14 radius of 
curvature may be 5 to 10 diopters steeper than the lens base 
curve depending on the refractive error. Generally, the ratio 
of the base curvature (BC) to the ?attest central corneal 
curvature(K) in the ?rst conformation (BC/K ratio) multi 
plied by a factor of 2 determines the steep Zone radius of 
curvature. For eXample, the lens base curve is ?t 4 diopters 
?atter than the central corneal curvature (BC/K ratio=4F). 
The steep Zone radius=(BC/K)*2 or 8 diopters steeper than 
the lens BC. The centration curve Zone 16 lies immediately 
adjacent to the steep curve Zone 14 and the range of this Zone 
varies from about 0.8 to 1.0 mm. Generally, the curvature of 
the centration curve Zone 16 Will equal the curvature of the 
base curve Zone 12 plus tWo to three diopters. The peripheral 
curve Zone 18 is ?atter than the base curve 12 of the lens. 
The Width of the peripheral curve Zone 18 varies from 0.4 
mm to 0.5 mm. The peripheral curve Zone 18 alloWs for tear 
circulation and oxygen eXchange during blinking. 
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[0135] The total diameter of the lens is determined by the 
base curve diameter plus the steep Zone plus the centration 
Zone to the peripheral curve. The lens diameter ranges from 
about 10 mm to 13 mm. 

[0136] The poWer of the lens is based on the refractive 
error of the patient and the lens base curve to central corneal 
curvature relationship. Generally the lens thickness is 0.24 
mm for 0 poWer; 0.01 mm should be subtracted for each 
diopter of minus correction, and 0.02 mm should be added 
for each diopter of plus. The concave posterior curvature of 
the ?at base curve Zone 12 is preferably calculated to 
reshape the cornea from a suboptimal ?rst conformation to 
an optimal second conformation, thus making the eye 
emmetropic When the cornea is molded to this curvature. 
The front curvature of the ?at base curve Zone 12 is of a 
radius calculated to give the subject no refractive error and 
20/20 aided visual acuity While Wearing the lens. All of the 
rigid contact lens parameters vary depending upon the 
refractive error, corneal curvature and siZe, and ?tting for 
mula, as is knoWn in the art. 

[0137] A further embodiment of a rigid contact lens 
designed speci?cally to be used in the treatment of hypero 
pia is contemplated. Such a contact lens should be rigid, 
such as the previously described lenses made from a ?uoro 
silicone-acrylate material. In this embodiment, the concave 
(posterior) portion of the lens may be a spheric or an 
aspheric base curve. A central portion of the lens is formed 
so that the concave surface of the central portion is shaped 
so as to produce emmetropia. This central portion has a base 
curve may be 1-5 diopters steeper than the central corneal 
curvature. The peripheral curves are much ?atter than stan 
dard contact lenses and the diameters are larger. The steeper 
base curve of the lens is designed to steepen the central 
corneal curvature to reduce hyperopia and improve near and 
far unaided visual acuity. 

[0138] In an alternative lens design, the rigid contact 
lenses contemplated for EnZyme Orthokeratology comprises 
a lens made of a ?uoro-silicone-acrylate material (methyl 
methacrylate di?uoroitaconate siloXanyl copolymer) avail 
able from Paragon Optical. The high oXygen permeability of 
this material DK60—DK151><10_11, alloWs sleeping in the 
lens if necessary. The lens has eXcellent Wettability With a 
loW Wetting angle. The base curve of the lens varies from 6.5 
mm to 9.0 mm, depending upon the central corneal curva 
ture. The total diameter of the lens is the base curve in 
mm+1.3 mm to 2.0 mm, and the range is about 7.5 mm to 
15 mm. 

[0139] The central optic Zone is transparent and corrects 
the refractive error of the eye to produce eXcellent visual 
acuity. The optic Zone diameter ranges from 6.5 mm to 9.0 
mm. The intermediate Zone contains a chamber for enZyme 
or agent to release the solution into the cornea. The Width of 
the intermediate Zone varies from 0.35 mm to 1.0 mm. The 
intermediate curve may be steeper or ?atter than the base 
curve of the lens depending on the refractive error. The 
peripheral curve is ?atter than the base curve of the lens. The 
Width of the peripheral Zone varies from 0.35 mm to 1.0 mm. 
The peripheral curves alloW for tear circulation and oXygen 
exchange during blinking. 

[0140] The poWer of the lens is based on the refractive 
error of the patient and the lens base curve to central corneal 
curvature relationship. The thickness is 0.24 mm for 0 
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poWer; 0.01 mm should be subtracted for each diopter of 
minus correction, and 0.02 mm should be added for each 
diopter of plus. The concave posterior curvature of the optic 
Zone (base curve) is preferably calculated to make the eye 
emmetropic When the cornea is molded to this curvature. 
With myopia the base curve is ?t 1-3 diopters ?atter than the 
central corneal curvature. This may be accomplished With 
one to three lenses. The front curvature of the optic Zone is 
of a radius calculated to give the subject no refractive error 
and 20/20 aided visual acuity While Wearing the lens. The 
?nal lens Will have Zero refractive poWer. All of the rigid 
contact lens parameters vary depending upon the refractive 
error, corneal curvature and siZe, and ?tting formula, as is 
knoWn in the art. This lens design may also be used unloaded 
to reshape the cornea. 

[0141] A further embodiment of the rigid contact lens 
design for use in the treatment of astigmatism. With astig 
matism, the cornea eXhibits an unequal curvature, (i.e., 
?atter curvature in one meredian and steeper curvature in the 
opposite meridian.) In one lens design, an aspheric base 
curve and peripheral curves are used to reshape the cornea 
to a more spherical shape. The lens has a uniform eccen 
tricity change Which reduces the curvature in the steeper 
meridan. This feature sphericaliZes the cornea, reduces the 
astigmatism, and imporves unaided visual acuity. 

[0142] A second design incorporates a toric base curve 
With base prism to orientate the steepr and ?atter curves of 
the lens in the proper direction to correct the unequal 
curvature of the cornea. The lenses of this embodiment are 
constructed of similar materials as described above, hoW 
ever, 60-92 DK lenses are preferred. 

[0143] Yet another embodiment of a rigid contact lens is 
designed speci?cally to be used in the treatment of hypero 
pia. Such a contact lens should be rigid, such as the 
previously described lenses made from a ?uoro-silicone 
acrylate material. In this embodiment, the concave (poste 
rior) portion of the lens is formed With a peripheral portion 
Which has an aspheric base curve. A central portion of the 
lens is formed so that the concave surface of the central 
portion is shaped so as to produce emmetropia. This central 
portion has a base curve Which is 1-5 diopters steeper than 
the base curve of the peripheral portion of the lens, and has 
a radius of curvature Which is up to 1 mm steeper than the 
peripheral portion. The base curve of the central portion of 
the lens may also be designed to produce a desired radius of 
curvature of a cornea Which does not render the cornea 

emmetropic, but Which still steepens the base curve of the 
cornea. 

[0144] C. Myopia EnZyme Orthokeratology Procedure 
[0145] Myopia is a condition in Which, typically, the shape 
of the eye is elongated, resulting in the focusing of parallel 
light rays in front of the retina. A corrective lens is used in 
this procedure that has a base curve ?atter than that of the 
central corneal curvature up to the amount of the myopia in 
diopters. The inner radius of the intermediate Zone may be 
up to 8 diopters steeper than the base curve. The steeper 
central corneal curvature is reshaped to a ?atter curvature 
and the ?atter paracentral curvature is reshaped to a steeper 
shape. The result is a spherical cornea from center to 
paracentral With a ?atter central curvature. This eliminates 
myopia because the light is refracted farther back on the 
retina instead of in front of the retina, and there is less 
spherical aberration. 
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[0146] As Will be apparent to one of skill in the art, a 
number of other lens designs can be used in treating myopia 
Which have varying diameter base curves and thicknesses. 
Included in such designs are contact lenses having aspheric 
base curves and peripheral curves and those having spherical 
base curves and aspheric peripheral curves. 

[0147] The folloWing example illustrates a method for 
correcting myopia using Enzyme Orthokeratology of the 
present invention. In this example, a patient exhibits 20/300 
uncorrected visual acuity (UVA) or 3 diopters myopia; a 
?attest central curvature of 45 diopters or 7.5 mm; and a 
paracentral curvature of 40 diopters and the cornea is 
positively shaped at +0.30. The patient is treated according 
to the methods of the present invention. 

[0148] Using the above-described methods, an appropriate 
concentration of glyceraldehyde Was determined for use in 
the present invention. In one embodiment, a range of glyc 
eraldehyde concentrations from about 0.1% to 5.0% are 
contemplated for use in the present invention. In another 
embodiment, a range of concentrations from about 1% to 4% 
are further contemplated. Finally, in still another embodi 
ment, use of a glyceraldehyde solution of about 3% to 
induce corneal cross linking is contemplated y the present 
invention. 

[0149] A corneal-hardening amount of a corneal harden 
ing agent is administered to the patient. One such agent is a 
3% glyceraldehyde solution. The 3% glyceraldehyde solu 
tion is prepared under sterile conditions by dissolving 1.5 
grams of glyceraldehyde into 50 mL of 0.9% sodium chlo 
ride USP. This solution is then sterile ?ltered and aliquoted. 
The route of administration may include a sole intrastromal 
injection, or it may consist of topical applications to the 
corneas of the subject. 

[0150] In an embodiment Where an intrastromal injection 
step is used, subjects receive a single corneal intrastromal 
injection of about 20 pL of a 3% glyceraldehyde solution 
using an appropriate injection technique. For example, the 
subject is administered an optical anesthetic such as a 0.5% 
proparacaine solution (Bausch and Lomb, Tampa, Fla.). The 
eye to be injected is gently proptosed and the syringe needle 
is gently introduced into the supertemporal quadrant into the 
corneal stroma. The hardening agent is then injected as a 
single bolus into the corneal stroma. Upon injection, the 
hardening agent cross links corneal components for a period 
of time, from minutes to days, as appropriate, hardening the 
cornea. 

[0151] Application of a 3% glyceraldehyde solution may 
alternatively be performed through eye drops at one to four 
drops from one to four times daily. The 3% glyceraldehyde 
solution is applied in a dropWise fashion to the treated 
corneas. The procedure used entails gently tilting the sub 
ject’s head to alloW the drop to fall on the cornea and not 
adjacent structures, holding the upper eyelid open, applying 
a drop of the solution to the eye of the subject, and alloWing 
the subject to blink. The administration of the corneal 
hardening agent may occur hourly or daily from one to one 
hundred (100) days. 

[0152] Rigid gas permeable corrective contact lenses are 
?tted to the eyes of the subject to mediate corneal reshaping. 
The corrective lens provides a scaffold upon Which the 
cornea may be reshaped into the desired second con?gura 
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tion. The dimensions of the corrective lenses used in the 
treatment are determined by the deformation of the subj ect’s 
eyes as determined by standard diagnostic techniques knoWn 
to one skilled in the art. The corrective lenses in this example 
have a base curve of 42 diopters or 8.0 mm (3 diopters ?atter 
than central curvature). The optic Zone Width is 8.0 mm. The 
poWer of the lens is plano The siZe of the lens is 9.6 mm 
(8.0+1.6 Its thickness is 0.20 mm. The intermediate 
curve radius is 7.5 mm or 45 diopters (3 diopters steeper than 
the case curve) With a Width of 0.50 mm. The peripheral 
curve has a radius of 10.0 mm, With a Width of 0.30 mm. 

[0153] In another embodiment of the present invention, 
the lens is loaded With a dose of corneal hardening agent. 
The contact lens is properly ?tted to the cornea and the agent 
is released into the cornea over the course of from a feW 
minutes to a feW days, as appropriate. The enZyme pen 
etrates into the stroma Where it hardens the connective tissue 
layer. The treated cornea reshapes its anterior central cur 
vature (45 diopters) to the posterior base curve of the lens 
(42 diopters). The cornea’s neW anterior central curvature 
becomes 42 diopters (3 diopters ?atter than its original 45 
diopters). The paracentral anterior cornea (40 diopters) 
steepens to 42 diopters=8.0 mm. The cornea noW has a 
spherical shape. The original three diopters of myopia are 
noW reduced to no correction (plano or emmetropic), and 
unaided (natural) visual acuity is improved to normal 20/20 
from 20/300. 

[0154] Before, during, and after treatment, a patient’s 
optical health may be monitored. Monitoring methods 
include standard physical examinations performed by one 
skilled in the art. Additionally, slit lamp biomicroscopy may 
be used to assess a patient’s optical health. A slit lamp such 
as a Nikon FS-2 Slit Lamp may be used for the subject’s 
examination. Such an examination might include the steps 
of dilated the eyes of the subject by instilling one drop of 
1.0% tropicamide (Bausch and Lomb, Tampa, Fla.) and 
2.5% phenylephrine (Bausch and Lomb, Tampa, Fla). Fol 
loWing dilation the subject is then positioned in front of a slit 
lamp and examined for edema. The anterior chambers of the 
subject may then be examined for chamber depth, aqueous 
cell and ?are, and ?brin. The iris of each subject may be 
examined for atrophy, symmetry, or synechiae. The lenses 
may also be examined for the presence of cellular debris, 
capsule, or lens protein abnormalities. The vitreous humor 
of each may also be examined for the presence of cells or 
other abnormalities. Finally, Fluress (topical ?uorescein) 
(Akorn Pharmaceuticals, Abita Springs, La.) may be 
instilled to examine the subjects for any epithelial defects 
that might be present. 

[0155] In this case, the application of the corneal harden 
ing agent acts to cross link amino acid residues in the 
collagen of the stroma, Which in turn results in an increase 
in corneal rigidity. Since corneal hardening takes place While 
the cornea is held in the desired second conformation by the 
lens, the hardened cornea hardens in the desired second 
con?guration. As a result of application of the hardening 
agent, the treated corneas retain the proper shape upon 
removal of the corrective lenses. 

[0156] In an alternate embodiment of the EnZyme Orthok 
eratology procedure described above, a corneal softening 
amount of a corneal softening agent is administered prior to 
addition of a corneal hardening agent. For example, 500 
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international units (IU) of hyaluronidase is administered by 
intrastromal injection into a subject’s eyes. The hyalu 
ronidase is manufactured as a sterile lyophiliZed product and 
packaged in vials, each containing 6,000 IU of a highly 
puri?ed hyaluronidase (BioZyme, Blaenavon, UK). In addi 
tion to the enzyme, the product may include 1.22 mg 
potassium phosphate, monobasic; 1.92 mg potassium phos 
phate, dibasic; and 5 mg lactose. Within three hours of 
intended use, the vials are reconstituted With 0.24 mL of 
0.9% sodium chloride USP and 20 pL is draWn up into 
syringes to deliver the desired 500 IU. Asuitable syringe for 
use in this method is a 0.3 cc insulin syringe ?tted With a 
half-inch 29-gauge needle (Becton-Dickinson, Franklin 
Lakes, N.J.) or its equivalent. Upon injection, the corneal 
softening agent hydrolyZes the carbohydrate substrate for a 
period of time, from minutes to days, as appropriate, soft 
ening the cornea and preparing it for reshaping. At this point, 
the corneal softening agent is alloWed to dissipate or its 
activity is inhibited, and a corneal hardening procedure is 
folloWed to achieve a desired corneal shape. 

[0157] D. Astigmatism EnZyme Orthokeratology Proce 
dure 

[0158] Astigmatism is a refractive error of the lens system, 
caused usually by an oblong shape of the cornea. In this 
condition, the central corneal curvature is uneven, resulting 
in a stretching of the image on the retina. The horiZontal and 
vertical central meridians are of different curvatures. The 
astigmatism contact lenses may use toric and aspheric base 
curves, intermediate curves, and peripheral curves that may 
incorporate prism and/or truncation. The initially ?atter 
central meridian of the eye is reshaped to take on a steeper 
curvature and the initial steeper curvature and the initial 
steeper central meridian is reshaped to take on a ?atter 
curvature. This process reshapes the central corneal curva 
ture to a spherical shape and eliminates astigmatism. 

[0159] To correct astigmatism using EnZyme Orthokera 
tology, the folloWing procedure is used. In one embodiment 
of the present invention, the material for the lens is ?uoro 
silicon-acrylate. The base curves (6.0 mm-8.5 mm) may be 
back toric, front toric, or bitoric. The ?attest central corneal 
curvature is aligned With a steeper base curvature. The 
steeper central corneal curvature is aligned With a ?atter 
base curvature. Aspheric or spherical base curves and 
peripheral curves may also be used. The lens diameter is the 
base curve in mm +1.3 to 1.8 mm. The range is from about 
7.5 mm to about 11.5 mm. The optic Zone diameter equals 
the base curve in mm and ranges from about 6.5 to about 9.5 
mm. The intermediate curve radius ranges from about 1 
diopter to about 2 diopters ?atter than the base curve. The 
Width is from about 0.35 to about 1.0 mm. The peripheral 
curves range from about 2 to about 4 diopters ?atter than the 
base curve. The Width is 0.35 to 1.0 mm. The intermediate 
and peripheral curves may be aspheric. Prism and/or trun 
cation is used to keep the lens aligned in the proper position 
to reshape the astigmatic cornea. 

[0160] The thickness of the lens varies With lens poWer. If 
Zero lens poWer=0.20 mm, subtract 0.01 mm for each 
diopter of minus and add 0.02 mm for each diopter of plus 
poWer. The poWer of the lens is computed based on the 
patients refractive error and the base curve/corneal curvature 
relationship. The astigmatic lenses may be loaded With a 
corneal hardening agent or enZyme as a delivery vehicle, or 
the lens design may be used unloaded to reshape the cornea. 
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[0161] E. Hyperopia EnZyme Orthokeratology Procedure 

[0162] Hyperopia results from a suboptimally short dis 
tance from the surface of the eye to the retina. To correct 
hyperopia the central curvature of the cornea must be 
reshaped to a steeper curvature. The light entering such an 
eye requires greater refraction since the image projected 
through the cornea is focused behind the retina and needs to 
be moved forWard onto the retina. The lens base curve may 
be ?tted steeper than the central corneal curvature With 
?atter aspheric intermediate and peripheral curves. Ahole in 
the center of the lens may be used to encourage and give the 
space for the central cornea to steepen. Alternatively, a 
contact lens as described hereinabove may be used to correct 
hyperopia. 

[0163] To correct hyperopia using EnZyme Orthokeratol 
ogy, the folloWing procedure is used. In one embodiment of 
the invention, a ?uoro-silicone-acrylate material is used for 
the lens. A hole ranging from 2.5 mm to 4.5 mm diameter is 
provided in the center. The base curve of the lens is ?t 
steeper than the central corneal curvature. The corrective 
lens possesses a corrective curvature Wherein the base 
curves vary from 5.5 mm to 8.0 mm and the diameter is the 
base curve in mm+1.0 mm to 1.5 mm (6.5 to 9.5 mm range). 
Smaller diameters are used because the curvature of the 
lenses is steeper than that of the central cornea. The inter 
mediate and peripheral curves should be aspheric curves 1 to 
3 diopters ?atter than the base curve. The Width of these 
curves is 0.35 mm to 1.0 mm. The optic Zone is betWeen 5.5 
mm to 8.0 mm. The thickness of the lens is dependent upon 
the poWer necessary for correction. With hyperopia the 
lenses Will be thicker. If the poWer is piano (0) the thick 
ness=0.20 mm, then add 0.02 for each diopter of plus. The 
poWer of the lens is computed based on the patient’s 
refractive error adjusted for the base curve/corneal curvature 
relationship. The hyperoptic lenses may be loaded With a 
corneal hardening agent or enZyme as a delivery vehicle, or 
the lens design may be used unloaded to reshape the cornea. 

[0164] V. Other Therapeutic Uses of EnZyme Orthokera 
tology 

[0165] The present methods of reshaping a cornea can be 
used to effect therapeutic bene?ts other than correcting 
refractive errors. Additional therapeutic bene?ts include 
improving corneal smoothness, improving or rehabilitating 
corneal irregularities and stabiliZation of corneal structures. 

[0166] One contemplated use of the present invention is to 
rehabilitate irregularities and improve refractive errors that 
result from various corneal surgeries including photorefrac 
tive keratectomy (PRK)(an eXample of Which is described in 
US. Pat. No. 5,699,810), LASIK (an eXample of Which is 
described in US. Pat. No. 5,697,945), radial keratotomy 
(RK)(an eXample of Which is described in US. Pat. No. 
5,611,805), thermokeratoplasty, photothermokeratoplasty 
(examples of Which are described in US. Pat. Nos. 5,749, 
871 and 5,779,696), corneal transplant surgery, and cataract 
surgery. 

[0167] For eXample, photorefractive keratectomy (PRK), 
is an extremely common procedure WorldWide. The present 
invention could be used to preserve and stabiliZe the surgical 
reshaping of the cornea post-operatively. In this embodi 
ment, a patient Who had undergone the PRK procedure 
Would be identi?ed and an acceptable corneal hardening 




























