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PREFACE

The ‘face’ and ‘faces’ of this Fourth Edition text for 2008 have changed as the reader will note
immediately on viewing our front cover. In the hope of appealing to a broader international
readership, we are joined by Olivia Serdarevic (Paris and New York) and Charles McGhee (Auck-
land, New Zealand). Peter McDonnell (Baltimore) and Ayad Farjo (Ann Arbor) complement our
editorship, which seemed an increasingly daunting task involving three continents and our book
publisher across the Atlantic. Add in the mix of an older editor (FSB) trying to keep up with the
world of multiple contributors, frequently changing e-mail addresses, along with on-line manu-
script corrections, and the task seemed overwhelming.

This book arose 22 years ago from an Eye Bank Association of America meeting in San Diego
when keratoplasty began to flourish and eye banks created more stringent standards and were
led by fellowship-trained corneal surgeons. We trained and were mentored by outstanding corneal
surgeons and influenced directly by the likes of Dohlman, Kaufman, Laibson, Fine, Peyton, Polack,
Troutman, Maumenee, Castroviejo and indirectly by Paufique and Rycroft among others.

The publication of Krachmer, Mannis and Holland’s first and second editions of Cornea stands
as a monument to absolutely the best of our current generation of corneal specialists with
much to tell us about both the medical and surgical aspects of the diagnosis and treatment of
corneal disease. Our mutual publishing company Elsevier suggested that this text should accen-
tuate the surgical aspects of the cornea, and we have achieved this. In doing so we have strived
to retain appropriate research chapters which aide our understanding of corneal anatomy and

physiology.

This Fourth Edition again utilizes marvelous additional illustrations of Laurel Cook Lhowe to
emphasize surgical technique and there is a return to color figures throughout the text. The
refractive surgery portion of Cornea Surgery has been extensively revised and lengthened with
Section Four reviewing ‘Endothelial keratoplasty’ and Part Six providing in-depth coverage of
‘Surgical Correction of Refractive Errors’. The reader will note the retention of previous edition
upgraded chapters such as ‘Penetrating Keratoplasty’ but the loss of all but one eye-banking
chapter. Eye banks under the direction of the Eye Bank Association of America in fact have not
disappeared—to the contrary we use them more than ever as they take on additional roles such
as processing tissue for lamellar keratoplasty.

So as to not forget the lessons of the past; Peter Laibson, both in his lecture in Chicago two years
ago, and in Chapter One of this text, has provided historical perspective on modern day corneal

surgery.

Frederick S. Brightbill, MD
Madison, Wisconsin, U.S.A.
July, 2008
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PART 1: Introduction to corneal function and surgery

History of corneal transplantation

Peter R. Laibson

The first visually successful human corneal transplant was per-
formed 101 years ago, on December 7, 1905, in Olmutz, a small
Moravian city near Prague in Slovakia, formerly Czechoslovakia. It
was performed by Dr Eduard Zirm on Alois Golgar, who was blind
bilaterally from a lime injury.' Both corneas were severely scarred
centrally, leaving some peripheral clarity. His vision was hand
motions in both eyes.

Karl Braur, an 11-year-old boy, was the donor. He had lost vision
following an intraocular metallic foreign body injury in July 1905.
Zirm enucleated the blind eye and used the donor’s clear cornea to
form two 5.0-mm donor corneas. He removed the corneas with a
5.0-mm von Hippel trephine, which was first used by von Hippel
in 1888 (Fig. 1.1). The same principle of using round trephines to
remove the donor button and cut the host cornea is used today.
Zirm kept the transplants in place with a bridge of conjunctiva
sutured over the corneas. The patient’s left corneal transplant was
trephined from a more central part of Braur’s donated cornea. The
right corneal transplant failed and had to be removed but the left
transplant cleared and Golgar was sent home 15 weeks after the
operation. A year afterward an ophthalmologist checking Golgar’s
visual acuity found it to be 6/36 with a stenopeic disc. He could
read J-4 with glasses® (Fig. 1.2). Zirm died in March 1944 without
recording any other corneal transplants in his 45 publications.
Golgar lived for 3 years after the operation.

The successful corneal transplant performed by Eduard Zirm,
even though a single case, followed a century of keratoplasty inves-
tigation and failure. Keratoplasty in the 19th century was doomed
to failure because of a total lack of knowledge concerning many
basic concepts that would prevent failure, such as the germ theory
and sepsis, immunology and tissue biology, anatomy and physiol-
ogy of the cornea, and anesthesia. Even today immunologic rejec-
tion is not clearly understood, although it is successfully treated in
most instances, usually with topical corticosteroids.

The concept of removing a clouded cornea was discussed by
Charles Darwin’s grandfather, Erasmus Darwin, in 1796. He felt that
after an ulcer of the cornea perhaps the scar could be cut out and
have it heal with a transparent scar. He recommended this ‘strongly
to some ingenious surgeon or oculist.” In 1824, Franz Reisinger
coined the term ‘keratoplasty’ and it is he who is credited with this

term, although controversy surrounds this attribution.” In those
years it was felt that the human cornea could be replaced with an
animal cornea from another species. The history of corneal trans-
plantation in the 19th century has been reviewed by Castroviejo,*
Paton,” and particularly Sir Benjamin Rycroft® in his Doyne Memo-
rial Lecture of 1966. An outstanding book on the history of corneal
transplantation was written by Manus and Manus in 1999.”

Sir Benjamin Rycroft in his Doyne lecture divided keratoplasty
evolution into four periods:

L. Inspiration (1789-1824)

IL. Trials and Frustration (1825-1872)
II. Conviction (1873-1905)

IV. Achievement (1906-1965)

I suggest a fifth category, V. Refinement and Innovation (1966~
present).

At the start of the Inspiration period, from 1789 to 1824, a French
surgeon, Pellier de Quengsy, in 1789 actually suggested that a glass
cornea could be used to replace the human cornea. He illustrated
what was perhaps the first keratoprosthesis but this was never done
(Fig. 1.3). Erasmus Darwin in 1797 suggested that by surgically
removing corneal pathology the scar might grow back clear. This,
of course, was wishful thinking.

In the first part of the 19th century little was done in transplanta-
tion until Reisinger suggested that living tissue grafts might be used
to perform a corneal transplant. This, of course, was doomed to
failure as, among other things, different species were used for the
transplantation. Wilhelmus Thome, in 1834, was the first to use the
term ‘corneal transplantation’, although he did not do one. Perhaps
the first successful transplant was done by James Bigger, who when
captured by Sahara Bedouins was able to achieve his freedom, it is
thought, by transplanting the opaque cornea of the pet gazelle of
the head sheik using another gazelle’s cornea.® Most attempts at
transplantation in the 19th century used corneas of different species
or heterografts and they failed. Kissam, in 1844, discussed guide-
lines for keratoplasty which although written 165 years ago are
actually accurate for current keratoplasty techniques.’ He suggested
the donor and recipient should be of the same size. There should
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Figure 1.1. Round corneal trephine first used by Arthur von Hippel in
1888. This was a mechanical trephine with a key wind-up utilizing a
spring mechanism, which rotated the trephine to remove corneal
tissue. This gold-plated trephine photograph provided courtesy of
Berthold Seitz, MD.

Figure 1.2. Alois Golgar, the first patient with a successful
penetrating corneal transplant in 1905. His left eye shows a small
clear corneal transplant, 4 mm in diameter. The corneal scarring in the
right eye is from an alkali burn with corneal transplant failure in that
eye.

Figure 1.3. lllustration from Pellier de Quengsy’s article in 1789
suggesting that a glass cornea might be used to replace a clouded
human cornea.

be a rapid and atraumatic transfer of donor tissue with minimal
tissue damage and there should be careful corneal fixation and
protection of the intraocular contents, such as the lens, iris, and
vitreous. It is significant that these concepts are all important
today.

The third period, that of Conviction, from 1873 to 1905, saw
Henry Power recommend transplantation within the same species."
In 1877, von Hippel started publishing his studies using circular
mechanical trephines to remove the donor and recipient corneas.
This principle is the same for keratoplasty today (Fig. 1.4). He did,
however, set back keratoplasty for a time, as he recommended het-
eroplastic over homoplastic tissue. Other factors leading to success
of corneal transplantation included the development of general
anesthesia. Ether was first used in 1846, in the etherdome at Mas-
sachusetts General Hospital, chloroform in 1847, and in 1867 Lister
first brought our attention to an aseptic setting for successful
surgery. Topical cocaine was discovered by Kohler in 1884. Without
anesthesia and asepsis, keratoplasty was unsuccessful even if done
within the same species.

The period of Achievement, from 1906 to 1965, was actually
started with Edward Zirm'’s successful transplantation of Alois Gol-
gar’s cornea. Despite Zirm'’s success with a single penetrating kera-
toplasty, this operation was not accepted in the first two decades
of the 20th century. The lamellar graft was more often used, if any
graft was done at all. Direct suturing was years away and penetrat-
ing grafts almost always failed. Most research into keratoplasty was



Figure 1.4. von Hippel trephine vertically in place over an eye being
used to trephine the donor cornea.

carried out in Europe by the giants of that time, including Magitot,""
in 1912, who first used preserved human corneas, and by Elschnig'
in Prague. By 1930 his clinic had done 170 corneal transplants,
with an amazing 22% success rate without the use of topical anti-
biotics or steroids! In these years most of the corneal transplants
were small, about 4.0 mm, and were kept in place either by con-
junctival flaps, with lid closure, or by fixation sutures placed across
the cornea as had been done by Zirm.

Harry Gradle published one of the first articles in the US literature
on the present status of keratoplasty in the American Journal of
Ophthalmology in 1921."” He found that keratoplasty results were
uniformly dismal up to that time. Only single case reports were
published and in only one instance were two cases published. No
patient had good vision and he concluded that a transplantation
from another species is a biologic impossibility (whether or not
transplants could be done successfully within the same species was
not completely agreed upon). He did not refer to Elschnig’s work
in Prague, where corneal transplants in humans had been done for
at least 10 years with some modicum of success. In those years, of
course, US ophthalmology looked toward Europe, and many US
ophthalmologists who were interested in furthering their careers
studied there.

Sir Tudor Thomas, a leading figure working in England in the
1930s, experimented with corneal transplantation. He felt that it

Figure 1.5. Edge to edge appositional sutures using 8-0 silk. Notice
the extreme inflammation in this eye. The knots were tied on the
surface and long ends left in place for 3 weeks.

was premature to operate on humans when the results were so
dismal." In the early years of the 20th century, Elschnig was the
leading advocate for corneal transplantation. In 1930, Elschnig and
Vorisek'” reported their 20 years of corneal transplantation experi-
ence in humans. They believed that the only successful method was
that of a partial penetrating corneal transplant, where full-thickness
human corneal tissue was used. This tissue was usually 4.0-5.0 mm
in diameter and was removed from the donor with the von Hippel
round trephine. A bridle suture from limbus to limbus in a double-
arm fashion was used to maintain the cornea in position until
healing occurred. Elschnig’s clinic and laboratory results were
remarkable considering he was still using techniques from the 19th
century. His scrupulous concern in cleaning the cul-de-sac to
prevent infection was important, as was his care with proper corneal
alignment using overlying sutures, even if this suture was cut 2
days after the operation. The final bandage was removed at 3 weeks
and one can imagine the suffering these helpless patients underwent
with double patching and bed rest for that period of time. It is
interesting to note that even in the early 1950s and 1960s, when
edge to edge 8-0 silk sutures were used, 8-12 of these sutures were
placed (Fig. 1.5), with a 5.0-7.0-mm-sized transplant. Patients were
maintained on bed rest for 3 weeks with their head sandbagged so
they would not move. At the end of 3 weeks, all sutures were
removed (Fig. 1.6). Even in the 1960s, only about 50-60% of these
transplants remained clear.

Although Magitot'" had successfully transplanted preserved
human corneas as early as 1911, freshly enucleated nonpreserved
human corneas from eyes with pathology were the source for the
corneal transplant donor in most cases. By the middle of the 1930s,
when transplantation became more successful, there were not
enough diseased eyes with clear corneas that required enucleation
to satisfy the needs of the corneal transplant surgeons, who had
many cases of bilaterally blind patients on their lists. Elschnig did
support the use of cadaver corneas but it was Vladimir Filatov who
was primarily responsible for popularizing the use of cadaver
corneas for corneal transplant purposes. Filatov, in a review of
corneal transplantation, mentions the use of cadaver corneas stored
in an ice chest at 4°C."” The eyes were enucleated ‘within 2-3 h
before the body was taken to the morgue, or while in the morgue,
certainly within just a few hours of death.” The corneas were
used within 20-56 h after death. These early principles of cadaver
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Figure 1.6. Three weeks after the silk appositional sutures were
placed in a penetrating graft. There is marked vascularization and
suture loosening, requiring all sutures to be removed at the same
sitting 3 weeks after the initial surgery.

enucleations are techniques still used today in many countries.
Other corneal surgeons preceded Filatov with individual case reports
of cadaver cornea use but it is Filatov who was credited with popu-
larizing cadaver corneas for corneal transplantation.

Equally important in the outcome of corneal transplantation is
the fixation technique. Many methods have been used to ensure the
proper alignment of the donor cornea, beginning with just conjunc-
tival flaps and crossed sutures over the cornea. In the beginning
only small grafts, less than 4.0 mm, were used. With these small
grafts, overlay sutures were satisfactory for stabilization when the
best suture material was probably equivalent to 4-0 or 5-0 silk.
Numerous techniques were described in literature'™ a for fixating
corneas (Fig. 1.7). Most of these fixation techniques preceded edge
to edge appositional sutures. The sutures were anchored in the sclera
beyond the cornea and were removed soon after corneal transplan-
tation because of loosening and vascularization. Ramon Castrovie-
jo’s unusual technique of square corneal transplants created with a
parallel razorblade was utilized until the 1960s, mostly for kerato-
conus. He felt that a square graft, with one point directed toward
6 o’clock provided better stability in keratoconus (Figs 1.8 and 1.9).
Castroviejo’s investigations of keratoplasty, his design of unique
instruments and his exquisite skill almost single-handedly improved
our techniques and popularized corneal transplants in the 1940s
and 1950s'*'” (Fig. 1.10). Aside from Ramon Castroviejo, few oph-
thalmologists in the USA were performing corneal transplantation,
either experimentally or on humans, before World War II.

A corneal transplant symposium, sponsored by the American
Academy of Ophthalmology, occurred for the first time at Palmer
House in Chicago in October 1947. A panel of physicians, including
R Townley Paton, John M McLean, Ramon Castroviejo, and Edward
Maumenee, presented at this symposium. Paton'® wrote about
patient selection while McLean" discussed keratoplasty technique,
quoting liberally from Castroviejo’s work, which dated back to
1932. Castroviejo®® reviewed complications and illustrated the
overlay suture for fixation in his article. Complications of kerato-
plasty included significant anterior synechiae, iris prolapse, infec-
tions (penicillin was the only antibiotic in use), glaucoma,
vascularization, inflammation, edema, and deformity due to the
protruding edges of the transplant during the postoperative period.
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Figure 1.7. Various ways of fixing a corneal transplant with overlay

sutures, conjunctival flaps, and in the bottom row eventually edge to
edge appositional sutures.

Figure 1.8. A Castroviejo square corneal transplant 30 years after this
procedure was done in a patient with keratoconus. The cornea was
moderately clear centrally and the patient still had 20/70 vision.

Maumenee and Kornblueth”' discussed the physiopathology of
corneal transplants. In 1948, it was not clear whether the new graft
was merely a framework for ingrowth of recipient cells or if the
donor stromal cells and endothelium persisted. The importance of
the corneal endothelium in maintaining corneal hydration was still
not appreciated. It was Stocker’'s® work in 1952 that called our
attention to the donor endothelium in keratoplasty. Davson in



Figure 1.9. Slit view to show the clarity of another square corneal
graft done for keratoconus, 28 years after keratoplasty by Ramon
Castroviejo.
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Figure 1.10. Castroviejo’s parallel razor blade cutting knife to
produce a square cornea. This is just one of many instruments
designed by Castroviejo to make keratoplasty a better procedure in
the years before microsurgery.

England, Harris and Nordquist, Mishima and Hedbys and Dohlman,
as well as Morris, all in the USA, were to make major contributions
concerning our understanding of the importance of the corneal
endothelium. Specular microscopy was not done until the mid-
1960s, and the longevity of the endothelium in keratoplasty is still
being looked at, particularly by Bourne.”

In Europe, Paufique, Sourdille, and Offret in Paris, Billingham
and Boswell in England, and Pollack in New York, as well as
Khodadoust and Silverstein in Baltimore were working on graft

Figure 1.11. Beginning of nylon suture use. These sutures were not
entirely trusted initially so there are some silk sutures tied on the
surface and some nylon sutures, also with the knots tied on the
surface.

rejection. The endothelial rejection line was named after Ali
Khodadoust, an ophthalmologist still working in Connecticut
today.”* In the results section of this first American Academy of
Ophthalmology Symposium on corneal transplantation, Owens®
discussed a study of 417 grafts where 36.5% remained clear. The
best results were with keratoconus, where 66% were clear, and
hereditary dystrophies, 59%. There were no clear grafts obtained in
patients who had Fuchs’ corneal dystrophy. Max Fine,” in San
Francisco, was the first corneal surgeon to do a transplant west of
the Mississippi and to advocate keratoplasty for Fuchs’ dystrophy
and aphakic bullous keratopathy.

The surgical techniques for keratoplasty were slowly changing
due to better instrumentation and suture material. By 1950, José
Barraquer, a pioneer in keratoplasty in Barcelona, Spain, was using
donor tissue up to 6.5 mm in diameter and utilized direct suturing
with fine silk sutures, using very sharp Grieshaber needles
(Grieshaber, Schaffhausen, Switzerland).?’” Mackensen and Harms at
the University of Tubingen, in West Germany, in the late 1950s and
early 1960s, initiated the use of nylon sutures. They were among
the first to change from silk to nylon for direct appositional sutur-
ing. Richard Troutman, in 1963, introduced these sutures to the
USA, along with the microscope, for keratoplasty.” In 1968, 10-0
nylon for keratoplasty was introduced commercially by Ethicon
(Johnson €& Johnson) (Figs 1.11 and 1.12).

As corneal transplantation grew to be more successful, the need
for corneas from cadavers became greater. Eye banking began in
the 1940s, when Paton established the first eye bank in the USA.
This was the Eye Bank for Sight Restoration founded in New York
in 1944. In 1961, the Eye Bank Association of America was estab-
lished. Statistics for corneal transplants compiled by the Eye Bank
Association of America, in their first year, showed that approxi-
mately 2000 transplants were done in 1961. In 2005, approximately
36000 transplants were done in the USA from tissue obtained from
the Eye Bank Association of America collaborating eye banks, while
another 9000 corneas were sent overseas for transplantation.

In the era of cadaver cornea usage from whole eyes it was neces-
sary to operate within 48 h of death to preserve the donor endo-
thelium. This was inconvenient for the patient, the surgeon, and the
operating room staff, as well as marginally healthy for the corneal
endothelium bathed in aging aqueous fluid, which usually began
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Figure 1.12. Modern corneal transplant with a double running 10-0
nylon buried suture, and an 11-0 running nylon buried suture.

Figure 1.13. Glass jar storage of whole enucleated eye placed on a
moist cotton sponge in the bottom of the jar. These eyes were kept
refrigerated and had to be used within 48 h, as the endothelium of the
donor was bathed by stagnant aqueous.

to fail if the corneas were not used within 48-60 h of death (Fig.
1.13). The concept of corneal storage in artificial media was intro-
duced by McCarey and Kaufman® in the early 1970s (Fig. 1.14).
They employed tissue culture media and various enhancements to
maintain the endothelium, and later antibiotics were added to
prevent infection. Almost all corneal transplants in the USA are
performed today using corneas that have been stored at 4°C in
corneal storage media. In the UK and Europe organ culture is the
storage method of choice.

Cornea storage media have improved continually so that corneas
now may be stored for at least a week, maintaining excellent
corneal endothelial physiology. The endothelium continues to be an
important subject of research, as even 15 years after keratoplasty,
endothelial failure is a major cause of graft failure.’® New surgical
techniques are now looking toward just transplanting endothelium
and Descemet’s membrane (Fig. 1.15).

In the 100-Year Review of the Cornea, by Laibson and Rapuano,
published in 1996*' for the 100th anniversary of the American
Academy of Ophthalmology Surgery, corneal transplantation was
well accepted with a success rate in the 90% range for keratoconus,
Fuchs’ dystrophy, and pseudophakic bullous keratopathy, the three

Figure 1.14. The tissue culture media on the left was first developed
by McCarey and Kaufman.? This was sterile tissue culture media
which allowed the cornea, with a small scleral rim, to be preserved for
3-4 days. On the right is later media known as K-Sol, which stretched
the preservation period to 5-6 days. The currently available media,
Optisol, allows use of the cornea for 7 days and beyond with
excellent preservation of the endothelium.

Figure 1.15. Cornea several days after a DSAEK procedure for
Fuchs’ dystrophy where Descemet’s membrane and endothelium is
peeled away from the host cornea and replaced by donor Descemet’s
and endothelium. Note the slit view to show corneal clarity with the
host’s own stroma remaining. Photograph courtesy of Christopher J
Rapuano, MD.

most important diseases requiring keratoplasty. Just 10 years later,
in 2006, there is a very exciting new field in corneal transplanta-
tion. There are of course several problems with penetrating corneal
transplants. The length of time for best corrected vision after pen-
etrating keratoplasty can be 18 months or longer because of selec-
tive suture removal. Although fine nylon sutures ushered in the
fifth period of keratoplasty, that of Refinement and Innovation
(1966 to present), these nylon sutures did alter the rate of wound
healing. With silk sutures knotted on the surface healing was
usually complete by 21 days, after which the sutures were removed.
With nylon sutures, which quickly bury beneath the surface, the
healing period of a corneal transplant is much longer. It is now
routine for surgeons to leave interrupted and running sutures in
place for at least a year, and if vision is good with or without cor-



rection and with little astigmatism the sutures are left in even
longer. One of the problems with the nylon suture is that it can
break and breakage is relatively unpredictable. Also, astigmatism
after corneal transplantation has been one of the main problems
leading to unsatisfactory vision even though the graft may be
clear.

Endothelial transplantation with posterior lamellar keratoplasty
was first discussed many years ago by Polack® and brought to our
attention more recently by Ko et al** and Melles et al.** The field
of endothelial keratoplasty has recently been reviewed by Mark
Terry* and is the most exciting new surgical technique since the
introduction of nylon sutures and microsurgery. Surgical techniques
for endothelial keratoplasty are still in evolution, including the use
of lasers for the lamellar dissection. It has been very exciting to
witness the changes in penetrating keratoplasty from the 1960s and
even more exciting to see the current explosion of ideas in the field
dealing with endothelial transplantation and anterior lamellar
transplantation.

Our skill with corneal transplantation has greatly improved the
visual prognosis for patients with corneal disease. Hopefully, in the
years to come with further refinement of these new surgical tech-
niques along with a better understanding of corneal transplantation
rejection and wound healing, corneal endothelial replacement will
prove even better for our patients than current penetrating kerato-
plasty techniques.
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SECTION 1: Ocular surface maintenance

Eyelid malpositions: entropion,
ectropion, and trichiasis

Jeremy Van Buren, Cat Nguyen Burkat

INTRODUCTION

Maintenance of corneal surface integrity requires proper eyelid
position and functioning. Precise apposition of the eyelid margin
to the cornea is essential to distribute the tear film evenly, to main-
tain an appropriate tear lake, and to remove debris. With entropion,
inward rotation of the eyelid margin may result in ocular irritation
and severe abrasion by offending lashes. Conversely, in ectropion,
outward rotation of the margin leads to breakdown of tear film
protection with subsequent exposure keratopathy. Lastly, trichiasis
and distichiasis are conditions where misdirected or abnormal lashes
lead to abrasion and compromised corneal integrity.

The pathophysiology of these common eyelid disorders is best
understood by considering the eyelid anatomy. The posterior lamella
refers to the tarsus and tarsal conjunctiva, and the anterior lamella
refers to the skin with the underlying orbicularis oculi muscle. The
eyelash follicles and associated glandular appendages are located
in the anterior lamella. The posterior border of the anterior lamella
is the gray line, which corresponds to the orbicularis muscle of
Riolan. The mucocutaneous junction is located on the margin,
posterior to the meibomian gland orifices.

The vast majority of ectropion and entropion cases involve the
lower eyelid. The inferior retractor complex of the lower eyelid is
composed of aponeurotic expansions from the inferior rectus
muscle. These expansions form the capsulopalpebral head, which
divides to envelop the inferior oblique muscle, before fusing ante-
riorly with Lockwood’s ligament to form the capsulopalpebral
fascia. The fascia connects Lockwood’s ligament to the inferior
fornix, to the inferior border of the tarsus, and to the preseptal
orbicularis muscle and skin at the level of the eyelid crease. The
inferior orbital septum joins with the capsulopalpebral fascia
4-5 mm below the inferior tarsal border, and then inserts onto the
inferior tarsus (Fig. 2.1). Abnormalities of the precise anatomic
interrelationships of these structures can result in the aforemen-
tioned eyelid malpositions.

ENTROPION

Entropion refers to an inward rotation of the eyelid in such a way
that the eyelid margin, skin, and eyelashes directly rub against the

globe. If untreated, entropion can lead to surface irritation, tearing,
keratoconjunctivitis, corneal ulceration, and vision loss.

EVALUATION

The clinical examination of entropion is aimed at classification,
assessment of eyelid laxity, cicatricial changes, and secondary
effects on surrounding structures.’ Proper assessment begins with a
detailed history, which will help distinguish between the major
entropion etiologies (involutional, congenital, acute spastic, and
cicatricial).

Initial physical evaluation begins with assessing eyelid laxity.
Laxity comprises three components: medial canthal tendon laxity,
lateral canthal tendon laxity, and tarsal degeneration. The medial
canthal tendon normally does not allow the inferior punctum to be
pulled laterally more than approximately 2 mm. Lateral displace-
ment of greater than 5-6 mm, or punctal distraction to medial
limbus or pupil, are indications for surgical correction (Fig. 2.2, A
and B). Likewise, lateral canthal tendon tone should not allow
the lateral canthal angle to be pulled medially over the lateral
limbus. The snapback test is performed by pulling the eyelid ante-
riorly and measuring the distance of displacement. One should not
be able to pull the eyelid more than 6 mm away from the cornea.
When released, the eyelid should return sharply to its former apposi-
tion against the globe. Failure to do so indicates tarsal attenuation
or lateral canthal tendon laxity (Fig. 2.2, C and D). Lastly, the
inferior fornix should also be examined for inferior retractor
dehiscence.

Cicatricial entropion may be due to scar tissue contracture within
the posterior lamella. The tarsal conjunctival surface and fornices
should be evaluated for subepithelial fibrosis and tarsal deforma-
tion. Eyelid retraction refers to the amount of scleral show seen
when the eyelid margin is not located at its normal height (1 mm
inferior to the superior limbus for the upper eyelid, or at the level
of the inferior limbus for the lower eyelid). In retraction, the eyelid
margin itself is correctly apposed to the globe without anterior or
posterior rotation. The anterior lamella should be evaluated for
hypertrophy or orbicularis muscle spasms.

The entropic eyelid and lashes can result in corneal abrasions,
ulcers, scarring, and chronic inflammation. Therefore, a thorough
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Figure 2.1. Normal anatomy of the lower eyelid in cross section.

evaluation of the cornea, including fluorescein staining, is required
in all patients.

CLASSIFICATION

Involutional entropion
The most common type of entropion, involutional entropion, usually
affects elderly persons and involves mainly the lower eyelids (Fig.
2.3, A). In the upper eyelid, eyelash ptosis may cause chronic irrita-
tion and keratopathy, and be confused with entropion. Three main
factors contribute to development of involutional entropion: hori-
zontal laxity, retractor complex disinsertion, and orbicularis muscle
override. Others have suggested age-related enophthalmos and
the ‘hammer effect’ of orbicularis contraction as less significant
factors.*®

Disinsertion or attenuation of the retractor complex allows the
lower tarsus to move anterior and superior, causing the lid margin
to turn inward. Dehiscence of the inferior retractors from the infe-
rior tarsal edge may be seen as a white horizontal line deep in the
fornix, corresponding to the leading edge of the disinserted retractor

D

Figure 2.2. Evaluation of lower eyelid laxity. A and B, Lateral horizontal traction distracts the inferior punctum past the pupil, demonstrating
severe medial canthal tendon laxity. C and D, The snapback test. After release, the lower eyelid does not return to its proper apposition on the

10  globe.
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Figure 2.3. Involutional entropion. A, Involutional entropion of the
lower eyelid. B, Inferior retractor dehiscence with instrument pointing
to white line that represents the disinserted inferior retractors. C,
Orbicularis muscle override.

layer. The pinkish-red tissue seen between the tarsus and white line
is the preseptal orbicularis muscle now visible through the conjunc-
tiva (Fig. 2.3, B). Because the attachment of the capsulopalpebral
fascia to the inferior fornix remains intact, the inferior fornix may
appear deepened when compared to the normal eye. The affected
eyelid may also fail to retract fully during downgaze.

Figure 2.4. Epiblepharon of the lower eyelid with fine eyelashes
oriented toward the cornea, but a normally apposed eyelid margin.

These anatomic findings can also cause ectropion. A factor that
contributes to whether the unstable lower lid is going to turn inward
is the preseptal fibers of the orbicularis muscle overriding the pret-
arsal fibers (Fig. 2.3, C). When this occurs, inward pressure is applied
to the margin. The exact cause of this phenomenon is still specula-
tive. Interestingly, Asians may be more predisposed to involutional
entropion due to a more anterior and superior protruding position
of orbital fat within the eyelid.®

Congenital entropion

This rare condition can affect both lower and upper eyelids.” Mecha-
nisms are complex and involve tarsal dysgenesis (kinked tarsus) or
disinsertion of the lower lid retractors. As opposed to epiblepharon
in which a fold of skin pushes the lashes inward toward the globe,
this condition does not improve spontaneously. Anomalies of the
eye can also be present.

Epiblepharon is a congenital condition that occurs most com-
monly in Asians.® A horizontal fold of lower eyelid skin and under-
lying orbicularis muscle override the margin in such a way that the
eyelashes are flipped backward toward the cornea and assume a
vertical or posterior orientation (Fig. 2.4). In contrast to congenital
entropion, the tarsus and posterior margin remain in their normal
positions. The contact of the eyelashes with the cornea can be
present all the time or only in downgaze, resulting in recurrent,
bilateral ocular irritation or chronic epiphora of unclear etiology.
Fortunately, eyelashes in children are fine and soft, so the problem
is usually well tolerated. With growth of the facial bones, spontane-
ous resolution is common, more so in Caucasians than in Asians.
Treatment is reserved for cases with significant threat to corneal
integrity.

Acute spastic entropion

Any ocular irritation (e.g. after cataract surgery, corneal transplan-
tation, or infection) can induce significant blepharospasm and sub-
sequent entropion.>* The eyelids are squeezed so tightly that the
orbicularis muscle causes an inward rotation of the margin. This
condition can affect any age group and lasts up to 6 weeks. In older
patients it may be a manifestation of latent involutional entropion
that may require subsequent surgical intervention.

Cicatricial entropion
Many conditions cause contracture of the posterior lamella and
subsequent entropion® (Fig. 2.5, A and B). It is important to carefully
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Figure 2.5. Cicatricial entropion due to ocular cicatricial pemphigoid
(A), with shortening of the posterior lamella and subsequent cicatricial
entropion, trichiasis, distichiasis, and symblepharon (B).

review the patient history and past examinations for conditions
such as surgical or trauma-related scarring, chemical burns, and
inflammatory entities such as trachoma, Stevens-Johnson syn-
drome, ocular cicatricial pemphigoid, acne rosacea, atopic conjunc-
tivitis, and chronic meibomitis. Any long-standing irritation can
induce an added cicatricial component to prior eyelid malposition.
In contrast to other forms of entropion, cicatricial entropion com-
monly affects the upper and lower eyelids.

MANAGEMENT

Involutional entropion

The nonincisional suture technique described by Quickert et al” and
modified by Feldstein'® is a valuable temporizing measure that can
be performed in the office setting. Three or four absorbable sutures
(i.e. 4-0 mild chromic) are passed through the eyelid and left in
place until spontaneously resorbed. One needle of a double-armed
suture is passed deep into the fornix, picking up the disinserted
retractors, continues adjacent to the lower border of tarsus, and
exits through the skin at the level of mid-tarsal height. The second

needle is then similarly passed 3-5 mm lateral to the first. The knot
is tied with such tension that a slight ectropion appears (Fig. 2.6,
A). Typically, three sutures are placed along the lower eyelid in this
fashion. This procedure should be considered temporary due to a
high recurrence rate.

Definitive treatment addresses each factor causing eyelid laxity."'
Anterior and posterior approaches have been advocated. The advan-
tage of the anterior approach is a good success rate but involves
more dissection.” The posterior approach through the conjunctiva
avoids a visible scar.'” Meticulous correction of the three main
factors (horizontal laxity, inferior retractor disinsertion, and orbi-
cularis override) results in a very low recurrence rate.

Medial canthal tendon laxity, if present, must also be addressed.
Many techniques have been advocated with variable success. An
important consideration is to properly tighten the posterior limb of
the medial canthal tendon to the posterior lacrimal crest, in order
to avoid iatrogenic anterior distraction of the medial eyelid and
punctum away from the globe. Next, residual horizontal laxity can
be corrected with a lateral tarsal strip procedure.”'* A strip of tarsus
is exposed and denuded of eyelid margin, skin, and eyelashes (Fig.
2.6, B). The tarsal strip is anchored to the periorbita at the level of
Whitnall's orbital tubercle inside the lateral orbital rim. Disinserted
lower eyelid retractors are reattached to the inferior tarsal border,
and a horizontal strip of preseptal orbicularis muscle can be care-
fully excised (Fig. 2.6, ).

Congenital entropion

Techniques have included cauterization, everting sutures, skin and
muscle excision, blepharotomy, tarsal incision or splitting, excision
of the kinked area with margin rotation, and tarsal fracture
with reanastomosis of the retractor complex to achieve better
margin apposition. Anatomically, there may be lack of cutaneous-
capsulopalpebral fascia attachment as in congenital epiblepharon,
but intraoperative findings also suggest dehiscence of normal
tarsal-capsulopalpebral fascia attachment. Repair has been advo-
cated to include attaching the retractors to tarsus, as well as attach-
ing skin to tarsus and the retractors to correct the lid malposition
and create a normal eyelid crease."

Spastic entropion

Medical management may be helpful by breaking a cycle in spastic
entropion with lubricating ointments, bandage contact lenses, or
taping of the eyelid. Tape is applied to pull the eyelid down and
away from the eye, or horizontally and superiorly to mimic a lateral
tarsal strip procedure. Injection of botulinum toxin into orbicularis
muscle treats the spastic entropion component in essential blepha-
rospasm or hemifacial spasm. However, injection of botulinum
could turn an involutional entropion into a flaccid ectropion if
initially mistaken for spastic entropion, or if significant lower eyelid
laxity is also present.

Cicatricial entropion

Every attempt must first be made to control any inflammatory
conditions before surgery is performed. The severity and extent of
posterior lamellar involvement guide the surgical planning.’ Surgi-
cal repair may be considered in three broad categories: margin
rotation procedures with a partial or full-thickness tarsal plate inci-
sion, eyelid margin splitting procedures with anterior lamellar
recession with or without mucous membrane grafting to the margin,
and spacer grafts to elongate the posterior lamella. Mild cases may
require only marginal rotation procedures. A transverse blepharot-



Cc

Figure 2.6. Surgical repair of involutional entropion. A, Quickert
suture technique for repair of involutional entropion. B, Lateral tarsal
strip procedure with exposed tarsus being reattached to lateral
periosteum. C, Disinserted inferior retractors are reattached to the
inferior tarsal border.

omy and margin rotation described by Weis can be effective in
repairing a cicatricial entropion.'® In effect, this procedure creates
a full-thickness blepharotomy scar between the retractors, the
tarsus, and the anterior lamella.

Full-thickness tarsal margin rotation with super-advancement of
the posterior lamella 2-3 mm past the new rotated margin may
allow for contraction to occur without recurrence of the entropion."”
A horizontal V-wedge resection of anterior tarsus has been described
to correct the abnormal tarsal shape while avoiding surgery on the
conjunctiva and subsequent reactivation of inflammatory disease.'
An additional effect can be achieved with shortening or reposition-
ing of the anterior lamella with a lid splitting procedure or tarso-
conjunctival advancement.” Graft materials, such as tarsus, hard
palate, ear cartilage, acellular dermis, and buccal mucous mem-
brane, can be used for severe scarring or retraction of the posterior
lamella.”

ECTROPION

In ectropion, the lid margin is everted from its normal apposition
to the globe.”" If left untreated, ectropion can lead to chronic
epiphora, chronic conjunctivitis, exposure keratitis, corneal scar-
ring, ulceration, and perforation. The epiphora, conjunctivitis, and
keratitis may accompany eyelid laxity before frank ectropion
becomes manifest.

EVALUATION

Evaluation should include assessment of eyelid laxity by snapback
test, medial or lateral canthal tendon laxity, disinsertion of the
lower lid retractors, punctal ectropion, inferior scleral show, retrac-
tion, lagophthalmos, and corneal surface integrity. Cicatricial verti-
cal shortening of the anterior lamella from past trauma, burns,
dermal inflammatory conditions, or chronic eyelid rubbing from eye
irritation or epiphora should be noted.” In eyelid retraction, the
orientation of the tarsal plate and eyelid margin are normal, but
the resting height of the margin is retracted beyond the limbus,
usually with evidence of scleral show. Eyelid retraction is a common
finding in Graves’ ophthalmopathy. Lagophthalmos is present when
normal contraction of the orbicularis muscle fails to close the
eyelids.

CLASSIFICATION

Congenital ectropion

This rare condition can present alone or in combination with other
malformations, including blepharophimosis, euryblepharon, ocular
anomalies, and systemic pathology such as trisomy.”' The eyelid
ectropion may appear minimal at rest. However, the condition is
accentuated on upgaze, lid closure, or when opening the mouth due
to a shortage of midfacial skin. Treatment involves graft techniques
to compensate for a short anterior lamella. Congenital ectropion
must be differentiated from total bilateral eversion of the upper
eyelids in the newborn (Fig. 2.7). If total bilateral eversion is present,
conservative treatment with lubrication and patching is usually
sufficient.

Involutional ectropion

This condition is encountered frequently in elderly persons.
Similar to entropion, eyelid instability is a key factor and can be
caused by horizontal laxity, vertical laxity with dehiscence of the
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Figure 2.7. Total eversion of the upper eyelids, bilateral, in a
newborn.

Figure 2.8. Cicatricial ectropion with vertical shortage of the anterior
lamella due to chronic allergic dermatitis (A) and aggressive chemical
peeling of the midface (B).

retractors, tarsal thinning, and age-related enophthalmos. Without
adequate support, the lower lid is stretched further by gravity and
the natural descent of the midface with age. Moreover, constant eye
wiping from surface irritation or epiphora stretches the tissues
further and leads to worsened malposition. In ectropion, orbicularis
overriding is absent, thus allowing the unstable eyelid to turn
outward. Histopathologically, focal degeneration of the orbicularis
muscle with arteriosclerotic changes of the marginal artery can be
found, suggesting chronic muscle ischemia.”

Cicatricial ectropion

Cicatricial ectropion occurs when there is a shortening of the ante-
rior lamella due to cutaneous or subcutaneous scarring.”' Trauma,
burns, sun damage, inflammatory skin disease, herpes zoster, skin
contraction as a result of chronic ectropion, maceration from epiph-
ora and rubbing, excessive skin resection from blepharoplasty, and
aggressive chemical peeling and cosmetic laser procedures are
common causes (Fig. 2.8, A and B). The presence of vertical skin
striae may suggest existing cicatricial changes. The ectropion may
also worsen in upgaze and when the mouth is opened widely.

Paralytic, mechanical, and inflammatory ectropion
Paralytic ectropion results from orbicularis oculi paresis or paralysis
secondary to facial nerve palsy (Fig. 2.9). More than 80 etiologies

Figure 2.9. Paralytic ectropion following Bell’s palsy, illustrating an
ectropic atonic lower eyelid, lagophthalmos, midfacial ptosis, and
paralytic brow ptosis.

of seventh nerve palsy have been described, the most common being
trauma, infection, idiopathic Bell’s palsy, and tumor.”® An atonic
lower eyelid is particularly susceptible to gravitational forces and
will exacerbate any previous eyelid malposition, and result in even-
tual ectropion and eyelid retraction with time. Loss of orbicularis
tone can lead to retraction of the skin, adding a cicatricial compo-
nent to the ectropion. Mechanical ectropion is caused by the effect
of gravity from a large lesion or tumor of the eyelid or cheek,
pendulous edema, or by heavy glasses resting on the cheek. Inflam-
matory ectropion can result from many causes of inflammation or
allergy of the eyelids, as well as from a long-standing ectropion.?'
Inflammatory ectropion will typically have an anterior cicatricial
component as well.

MANAGEMENT

Medical management

Cicatricial, inflammatory, and paralytic ectropion have medical
components to their management. In cicatricial and allergic ectro-
pion, cosmetics and ointments or eye drops may be potential causes
of chronic inflammation or allergy. In the presence of a chronic
hypertrophic conjunctivitis, antibiotic-steroid ointment can be used
to reduce inflammation. Surgery should be delayed until the inflam-
mation improves. In ectropion, the lacrimal pump is incapacitated,
thus disrupting the normal maintenance of a healthy tear film.
Aggressive lubricating drops and ointments are essential. In para-
lytic ectropion, taping the eyelids at night or wearing moisture
chambers may provide additional relief if there is a poor Bell’s
phenomenon. In idiopathic facial nerve palsy, the orbicularis paresis
frequently resolves over a few months, therefore conservative treat-
ment is indicated as long as corneal exposure is minimal. However,
when significant eyelid laxity precedes the paresis, the ectropion
is usually permanent and surgical management is generally
necessary.

Surgical management

Involutional ectropion

When present, medial canthal tendon laxity is corrected first by a
tucking or suspension procedure to the posterior lacrimal crest as
described for entropion repair. Punctal position is next evaluated.
If reposition is indicated, an elliptical incision is made in the con-
junctiva and eyelid retractors.”® Buried sutures are placed to close
the defect, which rotates the punctum inward. Lower eyelid medial
ectropion is repaired by medial canthal tendon tightening and/or
reinsertion of inferior retractors.”’ Whether the approach is trans-
cutaneous or transcaruncular,”?® the medial edge of the tarsus or



the medial canthal tendon itself is secured to the posterior lacrimal
crest, taking care to avoid injury to the nasolacrimal sac. This pro-
vides vertical support of the lid while maintaining the medial
canthal angle posteriorly on the globe. Residual horizontal laxity
is then reduced by performing a tarsal strip procedure or canthus-
sparing canthopexy,''* in which the lateral canthoplasty has been
modified to avoid a lateral canthotomy and cantholysis.*

Any long-standing malposition of the eyelid can induce addi-
tional scarring, resulting in shortening of the anterior lamella and
thus secondary cicatricial ectropion. Vertical tightness of the lid
skin can be subtle and not immediately detected. An early sign can
be disappearance of the horizontal wrinkles. Asking the patient to
open the mouth widely can also help reveal any eyelid skin deficit.
A shortened anterior lamella requires correction with a skin graft
or flap.

Congenital ectropion

Shortening of the anterior lamella is corrected with skin grafts, and
any concomitant horizontal laxity is reduced by aforementioned
horizontal lid-shortening techniques.

Paralytic ectropion

Conservative treatment with a temporary tarsorrhaphy using non-
absorbable suture over bolsters can protect the cornea for days to
weeks. The suture may be tied in a fashion that allows opening for
repeated eye drops or examinations. A lateral tarsorrhaphy may be
appropriate and simple to perform. The adjacent eyelid margins of
the lateral upper and lower eyelids are excised and the lids sutured
together through the gray line. A medial tarsorrhaphy can be per-
formed if lagophthalmos is prominent medially, with care to avoid
injury to the canaliculi. Permanent adhesion can be achieved
through transposition of a tarsal segment from one lid to the other.
The adjacent upper and lower lateral lid margins are split along the
gray line for the desired length of closure to a depth of approxi-
mately 3 mm. A flap of upper lid tarsus and conjunctiva is created
laterally and a smaller matching area is resected from the lower lid
tarsus. A double-armed suture is then passed through the upper lid
tarsal flap to exit the edge, then through the lower lid defect and
tied over the skin, resulting in a tongue-in-groove apposition. Thus,
the cut edges of the upper tarsal flap appose the lower tarsal defect
for a stronger effect.

Implantation of a gold weight under the pretarsal orbicularis
muscle of the upper eyelid can help upper eyelid closure.” Different
weights are tested preoperatively in the office to ensure adequate
closure while minimizing ptosis. When permanent surgical solutions
are needed, horizontal laxity often must be treated with eyelid
tightening or shortening laterally.® A fascia lata or temporalis
fascia sling, or a midface lift may also lessen the gravitational pull
on the atonic lower eyelid.**?!

Cicatricial ectropion

Depending on the extent of cicatricial involvement, treatment
incorporates scar revision with excision of scar, complete release of
superficial or deeper layer cicatrix, geometric Z-, W-, M-plasties,
and horizontal eyelid tightening. Once the cicatrix is released and
the anterior lamella allowed to recess to its relaxed position, the
amount of anterior lamellar shortage can be determined. Anterior
lamellar deficits can be addressed with a combination of pedicle
flaps, advancement or rotational flaps, or free skin grafts from the
upper eyelid, preauricular, retroauricular, or supraclavicular areas.*
Any flaps should avoid vertical tension, while maximizing horizon-

Figure 2.10. Trichiasis, central right lower eyelid.

tal tension. Z-plasties lessen the effect of scars and redirect tension
along more natural skin tension lines. The lower eyelid may be
bolstered superiorly with a temporary tarsorrhaphy or Frost suture
through the eyebrow for several weeks to minimize postoperative
eyelid retraction or graft contraction.

TRICHIASIS AND DISTICHIASIS

Trichiasis refers to a condition in which eyelashes emerging from
their normal anterior origin are misdirected backward toward the
cornea, while the tarsal plate maintains a normal apposition to the
globe (Fig. 2.10).” It is distinguished from an entropion by assessing
the eyelash orientation when the eyelid is in proper position. Tri-
chiasis can be idiopathic or secondary to chronic inflammatory
conditions such as trachoma, ocular cicatricial pemphigoid, Stevens-
Johnson syndrome, blepharitis, chronic conjunctivitis, or chemical
burns.

Distichiasis is a congenital or acquired condition in which an
extra row of eyelashes emerges from the ducts of the Meibomian
glands.” In this typically autosomal dominant condition, embryonic
common pilosebaceous units differentiate into hair follicles rather
than Meibomian glands. These eyelashes can be fine and well-
tolerated, or coarser and a threat to corneal integrity. Trauma and
chronic inflammatory conditions of the eyelids or conjunctiva as
mentioned previously are frequent causes of acquired distichiasis.

MANAGEMENT OF TRICHIASIS

A few misdirected eyelashes can be treated first by epilation and
observed. They will usually grow back within 4-6 weeks. Electroly-
sis is another option that treats several eyelashes at a time.” The
eyelid is first anesthetized with local infiltration. The tip of
the electrolysis fine-wire needle is inserted adjacent and parallel to
the hairshaft down to the eyelash follicle, and the current is applied
until a small bubble can be observed at the surface beside the
hairshaft. The eyelash is then easily wiped or pulled away without
resistance. If the eyelashes recur, treatment can be repeated, although
frequent retreatment may eventually result in eyelid notching.

Cryotherapy is effective for groups of abnormal eyelashes.
Following infiltration of local anesthesia, a nitrous oxide-cooled
probe covered with water-soluble petroleum jelly is applied to the
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involved eyelid margin until a temperature of —20°C is reached.
After allowing for thawing, a second cycle is applied, and the eye-
lashes are epilated. Cryotherapy induces more loss of normal adja-
cent eyelashes than electrolysis, and is associated with possible
complications such as eyelid notching, necrosis, skin depigmenta-
tion, and recurrence. Postoperative edema and erythema can be
expected for up to 1 week following treatment.

Argon laser ablation has been used more widely to treat trichiasis,
although with variable results.’**® Complications are few but may
include mild hypopigmentation, eyelid notching, and recurrence. In
a study of trachomatous trichiasis, argon laser ablation was suc-
cessful in 55.5% of lids after one session, with an increase in success
rate to 89% after several sessions.” Several treatments will often
be necessary to completely ablate the abnormal follicles. Segmental
areas of trichiatic eyelashes can be treated definitively with a full-
thickness wedge resection, which offers good cosmesis and minimal
complications.

MANAGEMENT OF DISTICHIASIS

Focal areas may be treated by simple epilation or electrolysis. Cryo-
therapy applied to the posterior lamella or electrolysis also can be
used for a few eyelashes. In the case of more extensive distichiasis,
the affected eyelid margin can be split along the gray line, and the
posterior lamella treated with cryotherapy or focal hyfrecation, or
the posterior margin and tarsal plate containing the distichiatic hair
follicles can be excised.” Splitting the eyelid margin minimizes
injury to the normal eyelashes in the anterior lamella, while effec-
tively treating the distichiatic eyelashes emerging from the Meibo-
mian gland orifices posteriorly. Revision of the anterior lamella or
mucous membrane grafting may also be indicated in some instances;
therefore, treatment should be individualized for each patient.
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Conjunctiva and tear film

Ilya M. Leyngold, Roy S. Chuck

The crucial role of the preocular tear film in the maintenance of
healthy corneal and conjunctival surfaces has been well established.
Conversely, a healthy ocular surface is necessary to ensure the
integrity of the tear film. Proper functioning of the tear film is
dependent upon its adequate production, distribution, and preserva-
tion. Thus, a disruption in any of these processes may result in
ocular surface damage with associated clinical symptoms. Tear film
abnormalities are intimately related to the conjunctival topography
and function in addition to the proper function of many other
periocular structures. This chapter focuses on the conjunctival struc-
tural and functional components, and their role in the renewal of
the preocular tear film. Also, other factors that are salient to the
maintenance and formation of the tear film are discussed. Finally,
abnormalities of the tear film and secondary ocular surface damage
with their respective causes are explained.

CONJUNCTIVAL ANATOMY,
STRUCTURE, AND FUNCTION

ANATOMY

The conjunctiva is a thin, translucent mucous membrane overlying
the anterior portion of the sclera and the inner surface of the
eyelids." It is divided into the palpebral conjunctiva, the bulbar
conjunctiva, and the superior and inferior fornices.

The palpebral conjunctiva consists of orbital and marginal tarsal
components.’ The orbital portion forms a convoluted structure with
many folds in contrast to the tarsal component, which is smoother
and closely adherent to the tarsal plate. Bulbar and palpebral con-
junctiva come together at the superior and inferior fornices, forming
a loose attachment to the underlying tissues. The bulbar conjunctiva
lines the anterior sclera, or the ‘white’ of the eye. This structure has
loose attachments to the orbital septum in the fornices, Tenon'’s
capsule (except at the limbus), and the underlying sclera.” It also
contains multiple folds, which increase the surface area for
secretion.

Each eye contains specialized conjunctival structures called semi-
lunar folds (plica semilunaris) and the lacrimal caruncle located in
the medial canthi. The plica semilunaris is a delicate and movable

fold divided from the bulbar conjunctiva by a 2-mm-deep concav-
ity.! Upon lateral rotation of the eye, the lacrimal caruncle is con-
spicuous directly medial to the semilunar fold. Superficially, it is
lined by a nonkeratinized stratified epithelium and contains
meibomian-like sebaceous glands similar to the glands of Zeis.'

STRUCTURE AND FUNCTION

Conjunctiva is covered by both stratified columnar and non-
keratinized stratified squamous epithelium. Two to five layers of
stratified epithelial cells, superficial and basal, cover the largest
conjunctival surface area. Structures lined by the stratified squa-
mous epithelium include the limbus, caruncle, and the areas of the
mucocutaneous junctions at lid margins.> Mucus-secreting goblet
cells are dispersed throughout the superficial and middle epithelial
cells, especially in the semilunar fold and fornices,’ playing an
important role in the maintenance of the preocular tear film. Lang-
erhan’s cells are also found in the conjunctival epithelium.

Numerous other glands are found within the conjunctival epithe-
lium in addition to the mucin-secreting goblet cells. These are also
important in maintaining moisture of the ocular surface and the
proper physiological composition of the tear film. The glands his-
tologically similar to the main lacrimal gland proper, accessory
lacrimal glands of Krause, secrete the minor component of the tear
film aqueous layer. They are mostly located in the temporal con-
junctiva. Glands found less frequently, Manz and Wolfring, secrete
mucinous substance resembling that of the goblet cells.! Superiorly
and inferiorly to the tarsal plate, the crypts of Henle create a papil-
lary pattern at the conjunctival surface.

The area underlying the epithelial layers is substantia propria.
It is composed of the fibrovascular connective tissue connecting
the epithelium and the tarsus together in the palpebral region.’
The structure is infiltrated by fibroblasts and inflammatory cells.
Lymphatic follicles with germinal centers may arise during child-
hood and/or in response to ocular inflammation; however, true
lymphatic follicles are generally not found in a healthy adult
conjunctiva.'

Conjunctiva is a very vascular structure. The extensive vascular
network is formed primarily from the anastomoses of the anterior
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ciliary and palpebral arteries, and abundance of conjunctival
veins. Lymphatics arise from both the deep and superficial layers
of the conjunctiva, eventually draining into the lymphatics of the
eyelid, creating a rich lymphatic plexus.” Conjunctiva is innervated
by both sensory and sympathetic nerve fibers. Sensory innervation
of the conjunctiva is by branches of the ophthalmic and maxillary
divisions of the cranial nerve V (CN V) and the long ciliary
nerve.'

STRUCTURE AND FUNCTION
OF THE TEAR FILM

The milieu of the preocular tear film ensures normal function and
structure of the ocular surface epithelium.* The tear film is also
important as a refracting surface of the eye, contributing to a sharper
visual image. This phenomenon is due to its ability to fill and flatten
the microscopic depressions of the corneal surface created by the
reticulations (0.5 um high and 0.3 um wide) on the epithelial surface.®
The preocular tear film is formed by three individual layers measur-
ing a total of about 7 um in thickness. The outermost layer is com-
posed of lipid compounds produced by the meibomian glands. The
intermediate layer is mostly formed by the aqueous secretions of
the main and accessory lacrimal glands. The innermost layer of the
tear film is thought to consist of two components: the inner, glyco-
calyx, and the outer, mucin. The former is secreted by the surface
epithelium and the latter, more loosely associated layer, produced by
the conjunctival goblet cells.®

THE LIPID LAYER

The hydrophobic moieties secreted by the meibomian glands of the
lids comprise the lipid layer of the tear film. Around 20 meibomian
glands are found in each upper and lower lid.” Although mecha-
nisms responsible for meibomian gland secretion rates are still
poorly understood, Cermak et al demonstrated that patients with
primary and secondary Sjogren’s syndromes, conditions with poor
meibomian gland function, have low levels of androgens.® This
finding led the investigators to hypothesize that this hormonal
imbalance contributes to meibomian gland dysfunction, leading to
tear film instability and evaporative dry eye, common features of
this autoimmune disorder. They showed that androgens control
production of commonly secreted lipids by meibomian gland such
as nonpolar sterols, wax esters, and phospholipids, in turn promot-
ing production of the lipid layer. Secreted lipids spread uniformly
on the aqueous portion of the tear film forming a two-layered
structure. The resultant duplex film is quite stable and allows the
lipid layer to undergo significant compression and decompression
during blinking without the loss of its integrity. In addition to
reducing evaporative losses from the tear film, the lipid phase pre-
vents contamination of the tear film by the sebaceous gland excreta
of the eyelids,” and facilitates thickening of the aqueous layer by
lowering the surface tension of tears.’

THE AQUEOUS LAYER

The aqueous phase forms an intermediate layer of the tear film,
providing close to 90% of the total tear film thickness.'” The isotonic
or slightly hypotonic aqueous component is secreted at a rate of
approximately 1.2 uL/min."" Both main and accessory lacrimal
gland secretions are mostly reflex dependent and appear to be
identical.'” Following the tear vesicle fusion with the inner portion

of the lacrimal acinar cell plasma membrane, the tears are released
and flow through the ductular openings of the main and accessory
lacrimal glands. The flow continues through the forniceal spaces
into lacrimal rivers and over the exposed ocular surface.” Contrac-
tion of the orbicularis oculi muscle drives the fluid in the temporal-
to-medial direction. Upon relaxation of the muscle, immediately
following the blink, most of the tears are drawn into the two punctal
openings located near the medial canthus. The fluid then flows into
the lacrimal canaliculi, the lacrimal sac, the nasolacrimal duct, and
finally into the inferior meatus of the nasal cavity."'* As the tears
flow through the nasolacrimal duct, a significant portion of the
fluid is reabsorbed across the mucosal surface.” Aqueous fluid that
fails to exit through the nasolacrimal system is either evaporated
or reabsorbed through the conjunctiva.

THE MUCIN LAYER

The mucin layer is a thin structure measuring approximately 0.5 um
in thickness."”” The glycocalyx-based innermost component of the
mucin layer is secreted by the subsurface epithelial vesicles,*'®
forming a strong bond with the epithelial surface. Overlying the
glycocalyx is a loosely adherent mucous layer derived from the
conjunctival goblet cells. The stimulus for mucous secretion is not
fully understood; however, there is evidence that 15(S)-hydroxy-
eicosatetraenoic acid (15(S)-HETE) serves as a potent mucin secre-
tagogue in the goblet cells of the ocular surface epithelium."” The
outer component is thought to impart a fragile covering over epi-
thelial cells, in turn enabling the aqueous layer to provide continu-
ous covering.” Therefore, the presence of the outer component is
essential for the stability of the aqueous phase. On the other hand,
the importance of the interaction between the outer and inner por-
tions of the mucin layer is still under investigation.

MAINTENANCE OF THE TEAR FILM

Action of the lids plays a vital role in the formation and mainte-
nance of the preocular tear film. Lid closure or blinking allows a
uniform distribution of the tear film over the ocular surface. The
upper lid is mostly responsible for this function as it sweeps three-
quarters of the corneal surface and has considerably more force
compared with the lower lid.” Blinking re-establishes a smooth and
evenly distributed tear film after evaporative losses create disrup-
tions and thinning of the tear film. Evaporation of the aqueous
phase occurs if blinking is absent or incomplete, causing the lipid
layer to invade and contaminate the mucin layer. The interaction
between the outermost and innermost layers of the tear film causes
further breakup of the tear film and increased drying of the epithe-
lium."® Tear film maintenance is dependent on adequate tear pro-
duction and distribution. Dysfunction of the variables responsible
for these actions may result in the ocular surface disease.

TEAR FILM ABNORMALITIES

Dry eye is a prevalent disease affecting up to 15% of individuals
65 years or older."” It is commonly seen in patients with low andro-
gen levels, including those with autoimmune diseases, peri- or
post-menopausal women, and the elderly.”®*" Dry eye has been
classified by the National Eye Institute into two major categories
based on the mechanism of preocular tear film disturbance: tear
insufficiency and evaporative tear loss.”” Although this classifica-



tion is very useful in the initial evaluation of the dry eye patient,
there is often a significant overlap between the two categories such
as seen, for example, in Sjogren’s syndrome.”” For organizational
purpose, the discussion of dry eye conditions will be based on the
aforementioned classifications. Major ocular conditions classically
associated with tear-deficient dry eye addressed in this chapter
include those of Sjogren’s and non-Sjogren’s type. Dry eye patholo-
gies associated with evaporative tear loss such as meibomian gland
dysfunction, abnormalities of the conjunctival mucin secretion, lid
closure defects, and abnormal ocular surfaces are also discussed in
detail.

AQUEOUS TEAR-DEFICIENT DRY EYE

Aqueous tear deficiency represents one of the most common causes
of dry eye.” If severe enough, it may lead to ocular irritation and
ocular surface disease, also called keratoconjunctivitis sicca (KCS).
Most individuals experience decrease in tear secretion with age, but
only a fraction of those are affected significantly enough to develop
KCS. Thus, even though lacrimal gland function diminishes with
age, ocular surface disease is not a normal part of the aging process
as previously believed. Generally, patients with clinically significant
aqueous tear deficiency complain of foreign body sensation,
burning, and ocular surface pain. This condition is more frequent
among women. Both history and clinical findings are used to diag-
nose KCS. Physical examination features suggestive of the disorder
include tear film mucous threads and debris, decreased tear menis-
cus height, wetting length of Shirmer test strips, and tear breakup
time (i.e. under 5 s). Interpalpebral surface supravital staining with
fluorescein, rose bengal, and/or lissamine green are also used to
diagnose KCS.”**

It is important to diagnose and initiate treatment early to prevent
complications of KCS such as filamentary keratitis and corneal
ulcerations. Deficiency in aqueous tear production leads to decrease
in nonspecific immune mechanisms of the ocular surface. For
example, lysozyme and lactoferrin, protective enzymes of the tear
film, were found to be significantly lower in the tears of patients
with dry eye.””* In addition to decreased immune defenses, ocular
surface flushing is impaired, leading to even greater pathogen
susceptibility.” Thus, frequent ocular infections develop, leading
to blepharitis with secondary development of conjunctivitis and
keratitis.

Sjogren’s syndrome tear deficiency

Connective tissue disorders are frequent systemic causes of KCS.
These represent a subset of autoimmune disorders that are generally
linked by diffuse vasculopathy and characterized by inflammatory
damage to multiple vital organs including the eye. For example, up
to 15% of patients with rheumatoid arthritis develop KCS.” Within
the variety of rheumatologic disorders KCS has been divided into
two categories—primary and secondary Sjogren’s syndromes—that
can both cause severe ocular surface disease. Primary Sjogren’s
syndrome is characterized by exocrine gland dysfunction with
prominent involvement of salivary and lacrimal glands. In addition,
patients with this disease may manifest inflammatory damage to
musculoskeletal, gastrointestinal, urogenital, integumentary, and
respiratory systems.” When there is an association with a specific
autoimmune disease such as rheumatoid arthritis, systemic lupus
erythematosus, scleroderma, polymyositis, or polyarteritis nodosa a
diagnosis of secondary Sjogren’s syndrome is given. Tear deficiency
can be quite severe among these patients. This is thought to result

from an immunologically mediated inflammatory damage to the
lacrimal gland and the ocular surface. Those with Sjogren’s syn-
drome and poorly controlled KCS may develop severe complica-
tions, including peripheral ulcerative keratitis (sometimes leading
to perforation), scleritis, and rheumatoid scleral nodules.” It has
been shown that patients with Sjogren’s disease have decreased
serum levels of circulating androgens® linking androgenic activity
to the presence of ocular surface damage.

Non-Sjogren’s syndrome tear deficiency

Multiple studies have demonstrated that maintenance of the healthy
ocular surface with adequate quantity and quality of aqueous tear
secretion is dependent upon sufficient hormonal balance.”® Just
like in Sjogren’s syndrome, decreased serum concentrations of
androgens have been associated with the development of aqueous
tear deficiency in some non-Sjogren’s patients.”® This phenomenon
explains the increased prevalence of dry eye disease in women,
particularly those in postmenopausal age groups, elderly, and any
of the individuals with low endogenous androgen levels. Animal
studies have shown the dependence of normal lacrimal gland secre-
tion on hormonal levels. For example, androgen deficiency follow-
ing orchiectomy has been demonstrated to increase the volume of
secreted tear fluid, while reducing the concentration of secretory
component and of IgA in the tear fluid.’"** Testosterone administra-
tion reverses these changes. However, pituitary gland removal
prevents this reversal. Mechanistically, androgens appear to
downregulate lacrimal gland lymphocytes, thereby suppressing the
inflammatory ocular surface damage.”

Aqueous tear deficiency may occur with other systemic condi-
tions such as HIV and sarcoidosis. These can also be viewed as a
relative imbalance between immunologic and hormonal activities.
Other causes of non-Sjogren’s tear-deficient dry eye include those
secondary to lacrimal gland obstruction (secondary aqueous defi-
ciency) such as occurs in trachoma, ocular cicatricial pemphigoid,
Stevens-Johnson syndrome, and burns.*** Also, patients with
reflex abnormalities tend to develop tear-deficiency dry eye such
as seen in cranial nerve VII palsy. Although both Sjogren’s and
non-Sjogren’s dry eye syndromes are described here under classifi-
cation of aqueous tear deficiency, they can be further complicated
by evaporative loss arising from overlapping pathogenic
mechanisms.

EVAPORATIVE DRY EYE

Tear film stability is in large part determined by the composition
and interactions of the lipids covering the surface of the aqueous
layer and the mucin-rich inner layer of the tear film. Increased
evaporation of tears with resultant tear film instability arises from
a variety of abnormalities affecting the structures that serve to
protect the tear film. Structural and functional defects in the mei-
bomian gland, conjunctiva, cornea, or lids may result in evaporative
dry eye. Increased tear evaporation secondary to these abnormalities
commonly exacerbates aqueous deficient dry eye because the dis-
eases are often concurrent.’**” In addition, similar to tear deficiency
dry eye, disturbances in androgenic and estrogenic regulation
appear to play a pivotal role in pathogenesis of the most common
etiology of evaporative dry eye, meibomian gland dysfunction.

Meibomian gland dysfunction
Meibomian gland dysfunction more often results from the ac-
quired disease of glandular tissue rather than intrinsic paucity of
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meibomian acinar cells. There are conditions such as congenital
anhidrotic ectodermal dysplasia that are associated with hypoplasia
of meibomian glandular epithelium, but those are quite rare. More
commonly, it is the abnormality of the composition and volume of
meibomian gland excreta that results in KCS. Studies have demon-
strated that in similarity to the lacrimal gland, the meibomian gland
also contains estrogen and androgen receptors responsible for its
proper function.’®“* For example, in androgen-deficient states,
such as congenital androgen insensitivity disease, menopause, or
Sjogren’s syndrome, there is an alteration in synthesis and type of
lipid molecules in the meibomian gland, resulting in abnormalities
in chemical composition of the lipid layer.® In severe cases, where
an obstructive meibomian gland dysfunction occurs, there is a
dramatic increase in tear film osmolality, resulting in accelerated
evaporative tear loss.

Secondary infection of the meibomian gland, such as occurs in
blepharitis, may also change the lipid content of the tear film
causing symptomatic dry eye. Upregulation of tissue and bacterial
lipases during infection results in increased concentrations of liber-
ated diacylglycerides and free fatty acids. This alteration in chemi-
cal composition of the lipid layer contributes to the instability of
the tear film.*"*

Abnormalities of conjunctival mucin secretion
Changes in conjunctival morphology leading to a paucity of goblet
cells and their secretions may also result in instability of the tear
film similar to that seen in meibomian gland disease. Conjunctival
surface and consequently goblet cell populations are affected by a
number of conditions including trachoma, vitamin A deficiency,
ocular cicatricial pemphigoid, erythema multiforme, and chemical
burns.’

A classic condition associated with mucin deficiency is hypovi-
taminosis A. Characteristic goblet cell destruction, and keratiniza-
tion of the conjunctiva and cornea are seen. Keratinomalacia and
foamy gray triangular areas on the conjunctival surface of poor
wettability (Bitot’s spots) eventually develop. Despite initially
normal lacrimal and meibomian gland functions, the tear break-up
time and clearance decrease, resulting in symptomatic evaporative
dry eye. Ultimately, however, increased scarring develops leading
to obstruction of main and accessory lacrimal gland ductules with
subsequent secondary aqueous tear deficiency.***®

Lid closure defects

Tear film stability is in large part dependent upon normal blink
function. If there is blinking impairment or lid incongruity with
ocular surface the tear film cannot be properly reformed. This results
in nonuniform layering of the tear film with discrete areas of poor
wettability, leading to localized drying secondary to evaporative
losses. Keratinization occurs in these areas, resulting in even greater
desiccation. This creates a vicious cycle that leads to severe dry eye
signs and symptoms.

Lesions to the seventh cranial nerve such as those seen in patients
with strokes or Bell’s palsy impair proper lid closure with resultant
exposure keratitis. Adhesions between the tarsal and bulbar con-
junctiva (symblepharons) commonly seen in patients with severe
chemical burns, erythema multiforme, and cicatrizing ocular pem-
phigoid may restrict lid movement compromising the stability of
the tear film.

Lid-globe incongruity such as occurs with ectropion or lid inflam-
mation may cause a nonuniform distribution and improper surfac-

ing of the pre-ocular tear film. Moreover, poor congruity of lids
with ocular surface may lead to punctual mal-apposition with con-
sequent decreased removal of contaminated tear film.

Abnormal ocular surfaces

Primary abnormality of the ocular surface arising from the
alteration of the morphologic characteristics of the corneal epithe-
lium can compromise the stability of the tear film. These surface
irregularities prevent the normal adsorption of tear mucin to the
multiple microvillous projections of the corneal epithelium.” This
leads to abnormal tear surfacing, resulting in evaporative tear loss,
epithelial abrasions, and ulcerations. As in the other causes of dry
eye, corneal surface damage from primary ocular surface abnormal-
ity may lead to impairment of sensory corneal innervation. The
resultant corneal anesthesia often leads to further epithelial abnor-
malities ranging anywhere from punctate keratopathy to corneal
perforation.”

PATHOGENESIS OF DRY EYE

Over the past decade much progress has been made in under-
standing the pathophysiologic mechanisms leading to KCS. It has
been recognized that the normal tear homeostasis is dependent
upon an intact communication within the specialized unit consist-
ing of the ocular surface, the main and accessory lacrimal glands,
lids with their associated structures, and the interconnecting
enervation.*”

A disruption of this unit from the damage to either of its con-
stituents leads to the signs and symptoms of KCS. Extensive research
through animal models and immunomodulatory therapies with
topical corticosteroids and steroid sparing agents has shown that
the key mechanism leading to the disruption of the tear film and
resultant KCS is inflammation.**"* In both evaporative and aqueous
tear-deficient dry eye the presence of proinflammatory markers in
tears and conjunctiva underscores the role of inflammation in
pathogenesis of dry eye. Abundance of inflammatory mediators
in tears and epithelium of aqueous tear deficiency and rosacea-
associated meibomian gland dysfunction implicates the role of
matrix metalloproteinase-9 as an activator of various cytokines,
including interleukin-1, contributing to the cellular damage of the
ocular surface.”™® Other findings suggesting the pivotal role of
inflammation include increased concentrations of other proteases
such as plasmin, in the tear fluid,”*** and increased conjunctival
expression of immune activation markers such as HLA-DR, CD-40,
and intercellular adhesion molecule (ICAM)-1.>"" A positive cor-
relation has also been demonstrated between the levels of conjunc-
tival inflammatory markers and the degree of conjunctival squamous
metaplasia, severity of dry eye symptoms, and corneal fluorescein
staining.”**’

The exact mechanisms triggering the inflammatory response at
the ocular surface and lacrimal glands are unknown, but several
possible explanations have been proposed. As detailed previously,
patients with low levels of androgens such as postmenopausal
women, the elderly, those undergoing anti-androgen therapies, and
those with Sjogren’s disease are especially prone to dry eye. Animal
studies have suggested that androgen suppresses ocular surface
inflammation in both aqueous deficient and meibomian gland dys-
function associated dry eye, and its reduction leads to inflammation
that precipitates dry eye.**® T-lymphocytes continuously migrating
through the lacrimal glands and associated structures normally
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Figure 3.1. Pathogenesis of keratoconjunctivitis sicca. *For simplicity, Sjogren’s and non-Sjogren’s syndromes are shown in association with
aqueous tear deficiency only. In reality, many patients with aqueous tear deficiency also exhibit evaporative dry eye. Double errors indicate the
interchangeable relationship between cause and effect. (Modified from Lemp MA. Report of the NEI/industry workshop on clinical trials in dry

eye. CLAO J 1995; 21: 221-232; permission pending.)

undergo apoptosis as they leave the ocular surface. In androgen-
deficient states, there is increased trafficking of lymphocytes through
the neural-epithelial junction in the lacrimal glands and ocular
surface with concurrent expression of lymphocyte-activating anti-
gens on the cellular membranes of lacrimal and ocular surface epi-
thelia.®’ As lymphocytes undergo activation, their apoptotic pathway
becomes inhibited, and they continue to secrete more proinflam-
matory cytokines, further upregulating cell surface lymphocyte-
activating antigens. This creates a self-perpetuating cycle of ocular
surface inflammation with resultant ocular surface damage.

Inflammation of the ocular surface is also sustained by decreased
ocular surface sensitivity. It has been shown that as tear clearance
and production decreases ocular sensitivity becomes depressed.”
Consequently, there is a decrease in sensory-stimulated reflex
tearing, leading to poor tear response to ocular surface damage.
Injury to the ocular surface exacerbates the inflammatory response,
resulting in increased ocular surface and lacrimal gland lympho-
cytic infiltration, further depressing sensory-stimulated reflex
tearing. Through this vicious cycle inflammation is perpetuated
leading to KCS.

Although numerous experiments have demonstrated the inflam-
matory nature of dry eye with similar histopathological and immu-
nological findings,”® the origins of KCS are diverse. In fact, many
cases of KCS are probably multifactorial. Commonly, the presence
of both aqueous deficiency and evaporative dry eye exists reflecting
similar etiological factors. Figure 3.1 is a schematic representing
the complex pathogenesis of KCS.
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Corneal epithelium and stem cells

Murat Dogru, Min Chen, Shigeto Shimmura,

Kazuo Tsubota

CORNEAL EPITHELIUM

The cornea is a transparent avascular tissue that is highly special-
ized to refract and transmit light and is essential for ideal visual
function.'

MACROSCOPIC FEATURES OF THE CORNEA
AND ITS PHYSIOLOGIC PROPERTIES

Optical properties

The adult human cornea measures 11-12 mm horizontally and 9-
11 mm vertically. It is approximately 0.5 mm thick at the center,
and its thickness is about 0.7 mm at the periphery.” The anterior
corneal surface is convex and aspheric, with the radius of curvature
measuring between 7.5 and 8.0 mm at the central 3 mm optical
zone of the cornea, giving the cornea a refractive power of
40-44 D.!

Corneal transparency mainly depends on the special anatomic
arrangement of collagen fibers in the stroma, which is responsible
for the cancellation of interference of scattering of an incident light
ray by a collagen fiber from other scattered light, allowing light to
pass through the cornea.’ The corneal epithelium and tear film help
to maintain the smooth epithelial surface, which has been reported
to be very important for the attainment of good functional visual
acuity, a new technology thought to reflect the visual function
related to daily activities.”® The total refractive index of the cornea
reflects the sum of refraction at the anterior and posterior corneal
interfaces as well as the transmission properties of the tissue. The
refractive indices of air, tear fluid, corneal tissue, and aqueous
humor are 1.000, 1.336, 1.376, and 1.336, respectively.'

Innervation

Sensory nerves in the cornea are mainly derived from the ciliary
nerves of the ophthalmic branch of the trigeminal nerve, which can
be detected as thin fibers with a slit lamp microscope or with confo-
cal microscopy (Fig. 4.1)."®

Vascular system

The anterior ciliary artery, which is derived from the ophthalmic
artery, forms a vascular arcade in the limbal region anastomosing
with vessels derived from the facial branch of the external carotid
artery, providing nutrients and factors that play important roles in
corneal metabolism and wound healing.'

MICROSCOPIC ANATOMY AND PHYSIOLOGY
OF THE CORNEAL EPITHELIUM

The cornea consists of five layers: the epithelium (Fig. 4.1),
Bowman'’s layer, the stroma, Descemet’s membrane, and the endo-
thelium. It has three major functions: (1) it acts as a mechanical
barrier to debris and microorganisms and, via Langerhans cells; (2)
it creates a transparent optical surface by adsorption of the tear
film; and (3) it maintains a barrier to the diffusion of water, solutes,
and drugs."””

Microscopic anatomy

The human corneal epithelium is a stratified, squamous nonkera-
tinized epithelium consisting of five to seven layers of cells, includ-
ing two to three layers of terminally differentiated superficial cells,
two to three layers of wing cells, and a single layer of columnar
basal cells (Fig. 4.3).”°

Superficial cells: The superficial cells are flat and polygonal
(diameter: approximately 40-60 um), the surfaces of which are
covered with numerous microvilli and glycocalyx coat interacting
with, and stabilizing, the precorneal tear film.””'* Superficial cells
are joined laterally to the adjacent cells with tight junctional com-
plexes, which with the very low permeability of the membranes
of the superficial cells form the barrier property of the corneal
epithelium."

Wing cells: Wing cells have lateral, thin, wing-like extensions
from a more rounded cell body,"® and they are interconnected by
desmosomal junctions and gap junctions that serve as electrochemi-
cal conduits.’
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Figure 4.1. A, Schematic drawing for corneal nerves perforating through the Bowman’s membrane with fine distribution throughout the
epithelium. B, Confocal scan of superficial corneal nerves within the epithelium; depth: 77 um. C, Confocal scan of corneal nerves within the
stroma; depth: 242 um.
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Figure 4.2. Section of human corneal tissue. Superficial, middle and
basal epithelial cells, Bowman’s membrane and anterior corneal
stroma clearly visible. HE staining, 200x magnification.
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Figure 4.3. Scanning electron micrograph of the wing cells (WC) and
basal cells (BC) sitting on the Bowman’s membrane (BM).

Basal cells: The basal cells are the mitotically active cells of the
epithelium containing ribosomes, rough endoplasmic reticulum,
mitochondria, centrioles, microfilaments, microtubules, and glyco-
gen granules."®

Basal cells of the corneal epithelium adhere to the basement
membrane via hemidesmosomes that are linked to anchoring fibrils
of type VII collagen.'"" The basal cells secrete type VII collagen,
which aggregate to form'” the anchoring fibrils penetrating the
basement membrane, where they form anchoring plaques with type
I collagen. E-cadherins, a component of zonula adherens, are present
at the lateral surfaces of the basal cells of the corneal epithelium
and mediate cell-cell interaction.""

EPITHELIAL CELL TURNOVER

The corneal epithelium renews itself within approximately 5-7 days,
with the superficial cells being constantly shed into the tear pool.
Terminal differentiation of cells, coupled with cell death by apop-
tosis, prompts the cell loss via desquamation, which is aided by
blinking.”*'*'® The maintenance of the corneal epithelium is thought
to be achieved by the unipotent stem cells (SC) located in the basal
epithelium of the corneoscleral limbus.'®"

LIMBAL STEM CELLS

LIMBUS

The corneal limbus is a highly vascularized, innervated, and pig-
mented zone between the cornea, conjunctiva, and the sclera. The
zone has pigmented spikes called the Palisades of Vogt which are
thought to bear the limbal stem cells (Fig. 4.4).”°

LIMBAL STEM CELLS

At present, the general criteria for defining stem cells are: (A) slow
cycling during homeostasis in vivo; (B) poor differentiation with



Figure 4.4. Palisades of Vogt (POV) at the corneal limbus thought to
harbor the limbal stem cells.

primitive cytoplasm; (C) high capacity for error-free self renewal;

and (D) activation to proliferate by wounding or replacement in

culture.”’** Stem cells can mitose to generate transient amplifying
cells (TAC) that are short-lived and function primarily to amplify
cell numbers. The transient amplifying cells finally differentiate into
postmitotic cells that are committed to cellular differentiation.

The current evidence of the limbal location of corneal stem cells
may be summarized as follows:

1. The limbal basal epithelium lacks the corneal epithelial differ-
entiation-associated keratin pair keratin 3 (K3) and keratin 12
(K12),"***> which led to the hypothesis that the limbal basal
epithelium harbors the stem cells.

2. Limbal basal epithelium cells have a higher proliferative poten-
tial in culture than central and peripheral cornea epithelium
cells.”*” Cotsarelis et al*?® found that tritiated thymidine was
incorporated for long time intervals only into limbal basal cells,
suggesting that the limbal basal epithelium contains slow-
cycling cells identified as the ‘label-retaining cells’.?*** These
cells are also resistant to the induction of differentiation.”®*°*

3. Abnormal corneal wound healing with conjunctivalization, vas-
cularization, and chronic inflammation occurs when the limbal
epithelium is partially or completely removed.*** The effective-
ness of limbal transplantation for the treatment of experimen-
tally induced stem cell deficiency, confirmed in rabbits by Tsai
and coworkers, further supported the limbal location of corneal
epithelial stem cells.”’

4. The limbal location of corneal epithelial stem cells can account
for the relative preponderance of limbal neoplasms and the
scarcity of corneal epithelial tumors, assuming that neoplasms
arise mainly from relatively ‘undifferentiated cells’.*®

5. A mathematical analysis of the kinetics of maintenance of the
corneal epithelial mass confirms that the corneal epithelium can
be maintained by cellular proliferation originating from limbal
stem cells without contribution of the adjacent conjunctiva.*

Collectively, these data leave little doubt that corneal epithelial
stem cells reside in the limbus.

IDENTIFICATION OF LIMBAL STEM CELLS

The major molecular markers proposed for limbal stem cells in
ocular or nonocular tissues in the past decade can be categorized
into the following groups.*

Cytokeratins

Cytokeratins are a group of cytoskeletal proteins that forms inter-
mediate filaments in epithelial cells and are expressed in distinct
patterns during epithelial development and differentiation. The
subfamily comprises at least 20 different polypeptides, which
are expressed in paired combination of acidic and basic mole-
cules according to the type of epithelium and its state of
differentiation.***!

K3/K12: The keratin pair K3/K12 is specially expressed in corneal
epithelial cells and is regarded as markers of corneal epithelial
differentiation.****** When specific antibodies are used, epithelial
cells in the basal layer of the limbus are devoid of these two
cornea-specific  keratins, wunderlining their undifferentiated
nature‘]7,23,25,40,45,46

K5/K14: Basal cells of both corneal and limbal epithelia express
the keratin pair K5/K14.*

K15: It has recently been discovered that K15 is expressed in
superior and basal limbal epithelial cells with lack of expression in
central corneal epithelium.

K19: No significant difference in K19 staining could be found
between limbal and corneal epithelia in two studies.”>*®

The expression patterns of K12, K14, K15 and K19 are shown in
Figs 4.5 and 4.6.

Cytosolic proteins

Several proteins, including enzymes such as cytochrome oxidase,
Na/K-ATPase, and carbonic anhydrase, have been identified and
found in higher concentration in basal cells of the limbal epithelium
than that of central corneal epithelium.**°

a-enolase: Recent reports of Chen et al”® and Schrehardt et al*
showed that a-enolase was not only expressed by basal but also by
suprabasal epithelial cells at the limbus and occasionally by basal
corneal epithelial cells, indicating mitotically or metabolically active
cells, rather than a limbal SC localization.

PKC: PKC-gamma has been identified as specific to the limbus,
whereas all other subtypes can be found both in the central and
limbal epithelium.”!

Cyclins: Cell-cycle associated proteins, such as cyclins D, E, and
A, have been also identified as proteins preferentially localized to
basal epithelial cells at the human limbus.”” Calcium-linked protein,
associated with early epithelial differentiation, and protein S100A12,
which is involved in Ca**-dependent signal transduction processes
in differentiated cells, is expressed in corneal epithelial basal cells
but not in limbal calls.***?

Nuclear proteins

P63: Transcription factor p63, involved in tumor suppression and
morphogenesis, is expressed by basal epithelial cells that have the
ability to proliferate, and is a nuclear marker for corneal epithelial
SC.*

Cell surface proteins
Cx43: In the corneal epithelium, only two gap junction proteins
have been identified so far: connexin 43 (Cx43) and connexin 50
(Cx50). Connexin 43 has been reported to be absent from the basal
layer of the human limbal epithelium, whereas suprabasal limbal
cells showed slightly positive staining.”***

E-cadherin: In human cornea, negative staining was observed
in basal layers and positive staining was observed in suprabasal
layers at the limbus.”” Recent reports®® reveal a weak reaction
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Figure 4.5. Expression pattern of K15, 19 and K14 in human corneal and conjunctival epithelium. Images of serial sections stained with anti-
K19 (green, FITC) and anti-K15 (red, Cy3) antibodies (A-C) and with anti-K14 (green) and anti-K15 (red) antibodies (D-F) Conjunctiva (A and D)
and central (B and E) or limbal area (C and F) of the cornea. Together with the expression of K15, a strong expression of K19 was observed in
the basal and suprabasal layers of the conjunctival and limbal epitheliae. (A, C, D and F) Cells weakly positive for K19 were also found in the
central area (B). K14 was observed in the conjunctiva and in the basal and suprabasal layers of the limbus and central corneal epithelium.
Published with permission of the copyright holder The Association for Research in Vision and Ophthalmology, Fig. 4.1 in Yoshida S, Shimmura
S, Kawakita T, et al. Cytokeratin 15 can be used to identify the limbal phenotype in normal and diseased ocular surfaces. Invest Ophthalmol Vis

Sci 2006; 47: 4780-4786.

in all limbal basal
epithelium.

Beta-catenin: Uniform labeling of all cell membranes throughout
ocular surface epithelia without any differences in staining pattern
of the basal limbal cornea has been reported.*’

Integrins: In human cornea, integrin 1 is uniformly expressed
by basal cells of both limbus and cornea and lacks any real specific-
ity in distinguishing human limbal from corneal basal cells.'*?*

EGF-R: Growth factor receptors are proteins that preferentially
localize to the cell membranes of limbal basal cells. The presence
of high levels of growth factor receptors may allow limbal basal
cells to be differentially stimulated by fibroblast- or blood-derived

cells and throughout the conjunctival

growth factors to maintain their undifferentiated nature or to
undergo proliferation upon wounding.*® Although a strong expres-
sion of EGF-R in limbal basal cells was also confirmed in human
cornea, there was no clear difference in staining intensity between
the basal cells of the limbus, corneal, and conjunctiva.”**®

ABCG2: ATP-binding cassette subfamily G, member 2 (ABCG2),
has been identified as a molecular determinant for hematopoietic
stem cells, and has been proposed as a universal marker of stem
cells. Chen et al demonstrated that this protein is immunolocalized
to the cell membrane and cytoplasm of some human limbal basal
epithelial cells, but not in most limbal suprabasal cells and corneal
epithelial cells.”
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Figure 4.6. Expression of K15 and K12 in human corneal and conjunctival epithelium. A, Overview of human ocular surface immunostained
with anti-K12 (green, FITC), and anti-K15 (red, Cy3). Boxes: magnified regions shown in conjunctiva (B) central cornea (C) and limbal area (D, D’
and E). (D and D’) Images across the limbus; white arrow: same cell in each image. In the conjunctiva, K15 is expressed only in basal cells (B,
K15 bas/K12 -). In contrast, K15+ cells were found in the suprabasal layers of the limbus (A, D and D’, K15 bas-sup/K12 sup). Isolated K15
positive cells were observed in the central area that was also K12 positive. C, The expression of K15 was highest in basal cells of the limbal
area (D’, arrowheads). These cells also expressed low levels of K12 (E, arrowheads). Scalebars: A-D’, 200 um; E, 50 um. Published with
permission of the copyright holder The Association for Research in Vision and Ophthalmology, Fig. 4.1 in Yoshida S, Shimmura S, Kawakita T,
et al. Cytokeratin 15 can be used to identify the limbal phenotype in normal and diseased ocular surfaces. Invest Ophthalmol Vis Sci 2006; 47:
4780-4786.
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SECTION 2: Corneal stroma

Shape, structure, and
biomechanical properties

Pierre Fournié, Gabriel M. Gordon, Dolena R. Ledee,
Cynthia J. Roberts, M. Elizabeth Fini

Biomechanics is the study of the mechanics of living systems. The
cornea is not mechanically inert. Biomechanical changes can mani-
fest clinically as an immediate reduction in corneal transparency,
changes in corneal shape, shape instability over time, and increased
sensitivity to shape changes caused by altered hydration, hypoxia,
and subsequent injury or surgery. The cornea is similar in tissue
organization to skin, but it is simpler, being avascular and lacking
appendages. However, it is also more complex, as corneal tissues
have many unique structural features. Understanding the biome-
chanical properties of the cornea is confounded by this, its layered
structure, and its molecular heterogeneity. The corneal stroma com-
prises approximately 90% of the corneal thickness. It provides the
cornea with its mechanical properties via its unique structure of
interlacing layers of collagen fibrils embedded in a hydrated matrix
or ‘ground substance’ rich in proteoglycans, glycoproteins, other
soluble proteins and inorganic salts. Cells called keratocytes scat-
tered sparsely through the stroma form an interconnected network
that contributes to the maintenance of corneal structure. The micro-
scopic properties of the corneal stroma are responsible for corneal
transparency, whereas the macroscopic arrangement of the collagen
lamellae is the basis of shape and physical strength.

MICROSCOPIC ORGANIZATION

THEORY OF CORNEAL TRANSPARENCY

Investigation into the mechanics underlying corneal transparency
has occupied scientists for many decades.'”'® Despite considerable
advances in our understanding, there is still no universally accepted
explanation. As summarized by Farrell and McCally,'" all currently
viable transparency theories have three common factors:
1. Individual collagen fibrils inefficiently scatter light.
2. The large number of fibrils, however, requires destructive
interference of scattered light.
3. Light scattering is directly proportional to thickness, and the
cornea is thin.

EXTRACELLULAR MATRICES

Collagens are a family of extracellular matrix proteins found
throughout the body. They function in the extracellular space in a
variety of ways, from architectural support to filtering of debris, to
cell signaling. The majority (~68%) of the collagen comprising the
dry weight of the stroma is type I,'> which is intertwined with col-
lagen V into heterotypic fibrils.”” X-ray diffraction techniques have
shown that these heterotypic fibrils are a constant 31-34 nm wide
throughout the central stroma (fibrils thicken toward the limbus)
(Fig. 5.1, A and B) and are organized into orthogonally layered,
parallel arrays called lamellae. These layers span the entire cornea
like thin laths. At the limbus—the transitional zone between cornea
and sclera—they merge with the limbal lamellae.” The interfibrillar
distance within each lamella varies depending on where the fibril
is located. The interfibrillar space in the center of the cornea is
about 57 nm, which increases to about 62 nm toward the limbus'®
(Fig. 5.1, A and B). The fibrils are also packed together more densely
in the posterior stroma.'® While the diameter of individual fibrils
does not vary with stromal depth, each lamella is composed of
various number of collagen fibrils that does vary depending on the
stromal depth. The lamellae in the anterior third of the stroma are
about 0.5-30 um wide and 0.2-1.2 um thick and are much more
disorganized compared to the posterior lamellae, which can grow
to about 100-200 um wide and 1-2.5 um thick."”

Maurice proposed that the collagen fibrils within the stromal
lamellae are arranged in a perfect crystalline lattice and that corneal
transparency results from the phenomenon that light scattered by
individual fibers is canceled by destructive interference from scat-
tered light of neighboring fibers; therefore, light is transmitted only
in the forward direction.” Although subsequent studies revealed a
high degree of order, the lattice structure is not perfect.>'*'* Nev-
ertheless, a lattice-like structure may be sufficient (Fig. 5.1, A and
B). Refractive elements in tissues whose dimensions are small
(<200 nm) compared with the wavelength of light (~500 nm) should
not scatter very much light on the basis of the interference effects
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Figure 5.1. Arrangement of collagen fibrils within the stromal
lamellae. A, Scheme of the average size and spacing of some
collagen fibrils in a lamella. B, Electron microscope (EM) (x95 400)
images of normal cornea showing the regularly spaced collagen fibrils
cut transversally. C, EM image (x95 400) of corneal edema. Note the
irregular spacing between collagen fibrils, forming stromal ‘lakes.’ (Fig.
5.1, B and C were generously donated by Dr Henry Edelhauser.)

proposed by Maurice.>” Consequently, the normal stroma only
minimally scatters incident light because of the regular distribution
and size of the collagen fibrils. The heterotypic pairing of type I
with type V collagen in the corneal fibrils results in a uniquely
narrow fibril diameter, which is thought to aid transparency.”'

The mechanisms that govern assembly of the stromal architecture
are not well understood. Besides the unique heterotypic collagen
fibrils, many of the other constituents of the stroma may also act
to establish and maintain this design. Collagen III seems to have a
similar distribution as collagen I, although its exact role is unde-
fined.” Collagen VI has been shown to be present in the interfibril-
lar space where it binds the collagen I/V fibrils laterally to help
maintain fibril spacing.”” Collagen XII has been localized to Bow-
man’s layer as well as the entire stroma, where it seems to contribute
to proper fibril spacing as well as playing a role in structural stabil-
ity, connecting Bowman'’s layer to both the underlying stroma and
the epithelial basement membrane.” Collagen XIII was unassociated
with the extracellular matrix alone but has been localized to the
plasma membranes of stromal cells in the posterior two-thirds of
the stroma,” perhaps indicating a role in lamellar organization.
Collagens XV and XVIII have anti-angiogenic properties attributed
to their carboxy terminal domains which can be cleaved to form
angiogenesis inhibitors (endostatins and neostatins); thus they may
help to maintain the avascular status of the cornea. Collagen XV
has shown a diffuse immunolocalization throughout the adult
stroma,” while collagen XVIII seems to be localized to the posterior
stroma adjacent to Descemet’s membrane.”’

After collagens, proteoglycans are the next major component of
the corneal stroma. Proteoglycans function in diverse processes
throughout the body. They are composed of a core protein cova-
lently bound to anywhere from 1 to over 100 carbohydrate chains.
There are seven types of these carbohydrate chains, called glycos-
aminoglycans (GAGs), which can be attached during intracellular
processing and help determine their function. The two main types
of proteoglycans found in the corneal stroma are the keratan
sulfate-containing proteoglycans keratocan, lumican, and mimecan,
and a chondroitin/dermatan sulfate-containing proteoglycan called
decorin. The specific proteoglycan profile of the corneal stroma is
linked to transparency. These molecules bind collagen fibrils and
may act as mediators of fibril and lamellar assembly.”® They also
are likely to contribute to the control of corneal hydration (and thus
swelling) through their specific abilities to bind water. Lumican has
been localized to the entire corneal stroma although it is much more
heavily expressed in the posterior two-thirds. Lumican-deficient
mice develop cloudy corneas at 3 months of age, which persists
into adulthood. Transmission electron microscopy imaging has
shown that the posterior stroma in mice lacking lumican contains
fibrils with significantly larger diameters as well as large fibril
aggregates, improper interfibrillar spacing, and much more disor-
ganized lamellae.” Interestingly, no such abnormalities are detected
in the anterior stroma of these mice, implying a different mecha-
nism for maintaining the fibrillar arrangement. Similarly, X-ray
diffraction has shown that keratocan-deficient mice possess a
thinner corneal stroma with collagen fibrils of increased diameter
and larger interfibrillar spacing.’® Unlike lumican-deficient mice,
however, keratocan-deficient mice do not show any stromal cloudi-
ness. Mutation of the keratocan gene in humans has recently been
shown to cause cornea plana, which is characterized by a flattened
corneal surface.’"*> Mimecan-deficient mice seem to have no corneal
defects. Corneas are clear with fibril diameters and interfibrillar
spacing showing no difference from wild-type littermates.’® Decorin



has been localized throughout the corneal stroma, including strong
expression in Bowman’s layer, bound to collagen I/V heterodimers
as well as the laterally connecting collagen VI.** While the cornea
has not been examined in detail in decorin-deficient mice, the skin
of these mice is very fragile with irregular collagen fibril diameters
as well as abnormal interfibrillar spacing.”®

Bowman'’s layer is an 8-12 pum region located between the stroma
and the epithelial basement membrane. Bowman’s layer lacks lamel-
lae and is instead a densely interwoven but unorganized array of
collagen types L, III, V, VI, and XII composed of three or four strati-
fied layers in the center which blend together toward the limbal
region.’® Unlike stromal fibrils, however, which have a 31-34 nm
diameter, fibrils in Bowman'’s layer can be as small as 20 nm in
diameter. Bowman’s layer is even more acellular than the stroma,
the only cells being nerve bundles which pass perpendicularly from
the stroma into the epithelial basement membrane where they
enervate the cornea epithelium. Bowman’s layer is, however, rela-
tively transparent, presumably because spatial fluctuations in the
refractive index are small, collagen fibers are small, and this layer
is thin.

STROMAL CELLS

Keratocytes are the major cellular components of the human corneal
stroma. The origin of these cells is controversial, with either neural
crest or mesenchymal origin being possible. Hayashi et al identified
the presence of both neuronal and mesenchymal cell markers in
immunostained keratocytes and concluded that keratocytes origi-
nate from neural crest cells and differentiate into mesenchymal
cells.”” In the adult cornea, keratocytes exhibit a slow turnover:
approximately every 2-3 years. They appear as a sparse population
of flattened cells located between the collagen lamellae of the
corneal stroma. The major function of keratocytes in the normal
cornea is to maintain the collagen scaffold and extracellular matrix
of the stroma. The keratocytes synthesize new collagens and pro-
teoglycans, while also secreting collagenases and other enzymes to
degrade the old stromal matrix. Although each stromal cell scatters
light, the total light scattered is small because of the low cellular
density. The keratocytes occupy 2-3% of the volume of the
stroma.

While appearing scattered and disconnected in corneal cross-
sections, keratocytes can be seen in en face views to form an
interconnected cellular network by extension of dendritic processes
(Fig. 5.2). Gap junctions at the tips of the cellular processes allow
for communication between the cells.”® There is clear evidence that
this extensive and highly coupled stromal keratocyte network is
much more dynamic than previously thought. In this avascular
tissue, the keratocyte network provides a means by which nutrients
and metabolites are passed into the central regions of the stroma
and waste products are excreted. Advances in corneal and refractive
surgery have highlighted the importance of understanding kerato-
cyte function.

Recent studies report the presence of additional cell types in the
adult corneal stroma that express stem cell markers and have the
ability to divide extensively and generate differentiated kerato-
cytes.” These progenitor cells express the ocular development gene
PAX®6, which is not expressed by the resident stromal keratocytes.*
The origin of these cells in the corneal stroma is not yet determined.
An understanding of their properties might have important implica-
tions for cell-based corneal therapy or for the development of bio-
engineered corneas.

Figure 5.2. Confocal microscopy (x400) of the corneal stroma of a
transgenic mouse carrying the Green Fluorescent Protein. Green cells
indicate keratocytes with their cell body (arrowheads) and dendritic
processes (arrows) forming a three-dimensional interconnected
cellular network.

Finally, it was recently demonstrated that bone marrow-derived
stem cells are normal components of the corneal stroma in most or
all corneas, even in the absence of inflammation (Fig. 5.3)."* As
a result, the consensus that the cornea is devoid of resident antigen-
presenting cells was profoundly revised. The usual explanation for
the extraordinary success of orthotopic corneal allografts, either in
humans or in experimental animals, is related to the phenomenon
termed ‘immune privilege.” This immune privilege concerns both the
site of engraftment and the corneal tissue. This notion has lost favor
since the demonstration of a large number of resident bone marrow-
derived antigen-presenting cells from different lineages—such as
dendritic cells and monocytes or macrophages—in both the epithe-
lium and stroma of the normal cornea.*'"* The immune-privilege
of corneal allografts, however, does not rely on a single mechanism
for evading immune destruction and the function of these ‘wander-
ing cells’ in the corneal graft rejection process remains to be inves-
tigated. Most of these cells have an immature phenotype lacking
major histocompatibility complex class II expression and are
extremely inefficient at activating T lymphocytes.*” They are capable
of expressing class II antigens after trauma and surgery.*

There are also important functional differences between dendritic
cells and macrophages that should be emphasized. Dendritic cells
are found in small numbers in the peripheral parts of the cornea
and they are not detected in the central parts under normal condi-
tions. Macrophages are found in both parts, but mostly in the
periphery.* Dendritic cells are much more potent at initiating and
expanding secondary immune responses involved in corneal rejec-
tion than macrophages, which have a high phagocytic and a low
T-cell stimulatory capacity. Macrophages thus seem to have a
pivotal role as effector cells and are less likely to trigger an immune
rejection reaction. The exact roles of resident tissue macrophages
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Figure 5.3. Confocal microscopy (x400) of the corneal stroma of a
chimeric mouse. A lethally irradiated wild-type mouse has been
transplanted with bone marrow-derived cells from a Green
Fluorescent Protein transgenic mouse. Green cells (arrowheads)
indicate bone marrow-derived cells and blue cells indicate the nuclei
of keratocytes.

are not well defined. They are highly phagocytic, facilitating their
role in clearing tissue of damaged, infected, or senescent cells.
Macrophages also perform essential tasks in wound healing via
tissue remodeling through the secretion of appropriate enzymes and
growth factors. Their immunologic function remains to be deter-
mined. Whereas the macrophages might provide a critical first line
of defense against pathogens that breach the epithelial barrier by
producing antimicrobial substances and other inflammatory cyto-
kines and chemokines, their role as antigen-presenting cells is
unclear. Instead of activating T cells, macrophages in the stroma
that are exposed to transforming growth factor-f might, on the
contrary, contribute to the immune-privileged status of the cornea
by downregulating the T-cell response and inducing tolerance to
antigens acquired within the tissue.*

NERVES

Electron microscopy images of the corneal stroma show up to 30
sensory nerve fiber bundles of up to 20 um in diameter with indi-
vidual fiber diameters ranging from 0.5 to 2.5 um which enter the
stroma from the periphery in a radial pattern. These bundles, found
mostly in the anterior stroma, run parallel to the collagen lamellae.*’
While Schwann cell cytoplasm has been localized along the nerve
bundles, the individual nerve fibers are not myelinated, implying
that the Schwann cells play a role in stromal nervous system sur-
vival rather than conduction of the electrical impulse. In addition
to being surrounded by Schwann cells, nerve bundles are also
embedded in amorphous extracellular matrix structure. Nerve
bundles toward the central anterior of the stroma are usually arrayed
in the superior to inferior direction while those in the periphery
seem to prefer a nasal-temporal pattern.*® Some nerve fibers in the

stroma have been shown to come in direct contact with keratocytes
before the bundles make a 90° turn and pass through pores in
Bowman'’s layer to enervate the corneal epithelium.

STROMAL RESPONSE TO STRESS OR INJURY

Any disturbance in the uniformity of collagenous fiber spacing,
fibril composition, or proteoglycan content can result in a loss of
corneal transparency. This can result from corneal edema, physical
damage to the stroma, or deposition of fibrotic tissue in the stroma
subsequent to acute damage or as part of a chronic wound healing
situation.

The limiting layers of the cornea are sites of active ion transport
that regulate the hydration of the hydrophilic stroma.*>*° The ideal
physiologic corneal hydration is approximately 78% in humans.
Reduced corneal metabolism (i.e. due to hypoxia or lowered tem-
perature) adversely affects the barrier properties and transport func-
tions of both the epithelium and endothelium, resulting in an
increase in corneal thickness and a loss of transparency.***' Corneal
edema also results from damage to the corneal endothelium, dis-
rupting the pumping action of its Na/K ATPase ion channels.*

In edematous corneas, the diameter of the collagen fibrils remains
essentially constant; swelling occurs in the ground substance and
leads to increased spatial separation of the collagen fibrils.>® Those
regions that are devoid of collagen fibers are often referred to as
stromal ‘lakes’ (Fig. 5.1, C). It is theorized that if a stromal lake
reaches a size comparable to half the wavelength of light, scattering
increases markedly, leading to a loss of corneal transparency.”
Loss of light transmittance increases with the amount of corneal
swelling.

Following debridement of the overlying epithelium during refrac-
tive surgical procedures, keratocytes in the underlying corneal
stroma are stimulated to undergo programmed cell death or ‘apop-
tosis.” Keratocyte apoptosis seems to be a benign response thought
to have evolved to protect the cornea from further inflammation
and the subsequent loss of transparency. These cells are simply
replaced following re-epithelialization, probably by replication and
migration of keratocytes from the debridement margin.”>*® There is
little or no expression of fibrotic markers.”

The cornea is remarkably resistant to stimuli that would initiate
a fibrotic repair response in other tissues. These features of cornea
may have evolved to limit undesirable changes in tissue structure
due to normal renewal or repair processes, much as corneal immune
privilege protects it against damaging inflammatory reactions.*®
These phenomena have collectively been termed ‘corneal
constancy.”

When damage to the cornea penetrates the basement membrane
and into the stroma, stromal cells transition into repair phenotypes
under the influence of cytokines released by the corneal epithe-
lium.*”*>*® Keratocytes transformed to the repair or ‘activated’ phe-
notype exhibit many morphologic characteristics of fibroblasts,
including a fusiform shape, multiple nucleoli, and a lack of cyto-
plasmic granules. A battery of new genes is activated, including
genes that encode cell:matrix adhesion molecules, repair-type
extracellular matrix components, and proteinases such as the matrix
metalloproteinases.®™® As wound healing progresses, a subset of
repair fibroblasts assumes properties that are characteristic of myo-
fibroblasts, defined by their larger appearance and expression of
alpha-smooth muscle actin.®®®® Corneal myofibroblasts are respon-
sible for wound contraction as well as for extracellular matrix
deposition and organization during corneal repair.



Much of the synthetic activity of the repair cell is involved with
the production of an opaque, repair-type extracellular matrix. The
composition of this matrix is very different from that of the normal,
uninjured stroma. This difference in composition, as well as the
disorganized manner of repair tissue deposition, contributes to its
opacity.® A major change is the appearance of fibronectin, much
of which is synthesized by the repair fibroblast.®® Tenascin is also
synthesized in the repair tissue, but not in normal stroma.®® The
ratio of collagen types synthesized by the repair fibroblast is dif-
ferent from the types found in the normal stromal extracellular
matrix.”” Synthesis of keratan sulfate proteoglycan is downregu-
lated, while synthesis of decorin sulfate proteoglycan is induced.®®
The reason for this change is not known, but might represent an
alternation in the biosynthetic pathway, possibly through new
expression of a specific glycosyltransferase enzyme.

Because of the opacity of repair tissue, refractive surgical proce-
dures aim to limit the wound healing response.®® Laser surface
ablation procedures accomplish this by minimizing the amount of
tissue damage. Flap-creating procedures such as LASIK minimize
the epithelial-stromal interaction that mediates fibrosis. In such
minimal wound healing situations, repair tissue deposition is very
low and does not appear to be a major factor in the subsequent
‘haze’ or translucency that can develop in the cornea following
surgery. In this case, cells may be the most important reason for
loss of transparency. Indeed, the cells that migrate into the wound
bed in corneal wounds are highly reflective when viewed by in vivo
confocal microscopy.’® The molecular changes responsible for this
acquisition of light-scattering properties are not known. Possible
molecular contributors are the repair-type cytoskeleton with its
highly developed stress fibers, or the pericellular extracellular
matrix. Another mechanism might lie in reduction in the levels of
a newly discovered class of molecules called ‘corneal crystallins.’
These are taxon-specific, multifunctional proteins that accumulate
to very high levels in corneal cells.”’ Aldehyde dehydrogenase 3
(ALDH3) and transketolase (TKT) are the main water-soluble pro-
teins in the corneal stromal keratocytes of most mammals.”” These
proteins at high concentrations may contribute to the transparent
state of the cornea by destructively interfering with scattered light
through short-range physical interactions, similar to the lens crys-
tallins.”” Transformation of keratocytes to the repair phenotype in
culture is accompanied by loss of crystallins in cell culture.”*”> In
a rabbit wound healing model, crystallin loss correlates with loss
of cell transparency.®® However, ALDH3A1-deficient mice appear
indistinguishable from wild-type corneas, and are transparent as
determined by light and slit-lamp microscopy.’® It remains to be
seen whether subtle changes in clarity occur that are difficult to
measure and perhaps more likely to be manifest in stress conditions.
However, the corneal crystallins may probably serve other functions
that could preserve corneal clarity, for example protecting tissue
against oxidative stress, as occurs in the lens.”” In fact, a recent
publication indicates that ALDH promotes survival of corneal epi-
thelial cells in the face of reactive oxygen species (ROS) and DNA
damaging agents.”®

Recently, a role was proposed for bone marrow-derived stem cells
in tissue regeneration. It was suggested that these cells have the
potential to form new tissue cells, especially after injury.”*® Bone
marrow-derived stem cells might either transdifferentiate into
corneal cells (such as corneal keratocytes) or, more likely, fuse with
existing cells to form a multinucleated cell. Studies are currently
ongoing in multiple laboratories to examine their hypotheses and
the results promise to be very interesting.

MACROSCOPIC ORGANIZATION

EMBRYONIC DEVELOPMENT

Between the fifth and seventh week of human embryogenesis a
series of important developmental events in the corneal stroma
occur. By this time the lens vesicle has pinched away from the
surface ectoderm and cells of the limbal periocular mesenchyme, a
secondary mesenchyme (i.e. a mesodermal area infiltrated by neural
crest cells), begin to migrate anteriorly and inward in three waves
to fill the void. There are two somewhat contradictory theories on
the order of the migration of cells. Both theories concur that the
first wave of cells migrates between the surface ectoderm and the
lens to form the corneal and trabecular endothelium. They, however,
differ on the destiny of the second and third wave of cells. In one
theory the second wave of cells migrates between the primitive
corneal epithelium and endothelium to give rise to the keratocytes
with the third wave giving rise to the stroma of the iris between
the endothelium and lens.’”® Tripathi and Tripathi proposed the
reverse.** The presence of the lens appears to be essential during
the migration of these periocular mesenchymal cells in the differ-
entiation of the corneal stroma.®*®

From the second and into the third month, differentiation of the
corneal stroma continues. The stroma increases from ~5 to 8 rows
of cells to 15 and now contains collagen fibers, particularly type I
and type IIl. The stroma spreads toward the sclera and the central
stroma is more attenuated compared to the more confluent periph-
eral posterior layers. Lying in parallel to the corneal epithelium, the
anterior stromal cells tend to be more round in shape compared to
the spindle-shaped posterior cells.””"*° The arrangement of the fibro-
blast (predecessors of the keratocytes) coincides with the synthesis
of glycosaminoglycans, such as keratan sulfate, which regulates the
spacing of the collagen fibers,” hence transparency. At this stage
the cornea is hydrophilic and translucent due to the high water
content.®® Sensory nerve fibers can be observed, with innervation
beginning at 3 months reaching into the epithelium by 5 months
of age.”!

At 4 months the cornea continues to differentiate and mature.
Although the stromal region is greater than 15 layers thick and of
equal thickness throughout, the corneal diameter has increased due
to longer collagen fibrils, and the demarcation between the stroma
and sclera is more distinct. There are fewer mesenchymal cells and
more flattened keratocyte type cells and an abundance of parallel
collagen lamellae.?®® From here on the differentiation of the cornea
continues at a slower rate. Into the fifth month the Bowman'’s layer
abutting the corneal basement membrane becomes visible at the
ultrastructural level. The keratocytes at this stage of development
also exhibit an increased level of lysosomal enzyme activity indica-
tive of a potential involvement in collagen and glycosaminoglycans
turnover rate.”

The eyelids open at about 6 months and morphological changes
involving stromal thickness and cellularity occur. As observed in
many vertebrate animals, the stroma increases in thickness just
prior to eyelid opening with thinning after opening. Also, the
density of stromal cells appears to decrease.”* It is uncertain if the
number of cell decreases or if the density shift is due to the shift
in volume. This swelling and thinning may be related to sulfation
of lumican, a major keratan sulfate proteoglycan in the stroma.
Synthesis of keratan sulfate increases water absorption and conse-
quently swelling and maturation of the endothelium, the corneal
pumping station, leads to a thinning. It should also be noted that
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between the period of eye opening and birth the number of prolif-
erating cells in the stroma drops precipitously. The remaining
stromal cells express little or no cyclins or cyclin-dependent kinase
inhibitors, suggesting an exit from the cell cycle into GO, which is
supported by the ability to stimulate these cells to proliferate.>>*

By the seventh month the cornea is well developed. The diameter
of the cornea will have increased from 4.2 mm at 4 months to
9.3 mm at term. After birth in the first postnatal month the cornea
has a steep curvature which decreases over the next 6 months until
finally stabilizing.’®

SHAPE

The cornea has a dual role of providing protection to trauma and
infection as well as maintaining transparency and structural integ-
rity to refract light into the eye and to maintain the eyeball’s shape
under the action of the intraocular pressure. The bulk of the cornea
is formed by the lamellar stroma, which in the human adult is
approximately 450-550 um thick centrally and consists predomi-
nantly of flattened, stacked, collagenous lamellae (200-250 layers)
oriented parallel to the corneal surface. The stroma is considerably
thicker in the periphery (550-750 wm). Because of its features, the
stroma is the layer that provides the cornea with its shape and
mechanical properties. The adult human cornea is smaller in the
vertical diameter (9-11 mm) than in the horizontal diameter (11-
12 mm). The shape of the anterior corneal surface is convex and
aspheric. The central 3-mm optical zone radius where the surface
is almost spherical is between 7.5 and 8.0 mm, with the peripheral
corneal curvature being less marked. The posterior surface overall
has a shorter radius of curvature. Corneal shape varies between
individuals. An interesting side note is that right and left corneas
are structurally distinct, although both seem to exhibit a degree of
midline symmetry that might help to explain the topographical
enantiomorphism exhibited by fellow corneas.”’

PHYSICAL STRENGTH

Human corneal tissue is a complex viscoelastic structure. The cornea
is able to recover its original shape after stress is removed, but the
relaxation path is different from the deformation path. This property
is referred to as hysteresis and is due to the ability of the tissue to
absorb and dissipate energy. The tensile strength of the cornea is
dependent on its collagen content. The stroma thus provides the
majority of the cornea’s tensile strength. The exact mechanism
responsible for the maintenance of the corneal shape, however, is
not known.

The orientation of successive fibril layers throughout the entire
cornea is an important factor determining the mechanical properties
of the cornea. There is a difference between the arrangement of the
lamellae in the anterior third of the cornea and that in the posterior
two-thirds.”® In the mid- and posterior stroma, collagen lamellae
tend to be arranged parallel to the surface, and fibrils in one lamella
run at approximately right angles to those in the adjacent lamellae
in the superior-inferior and nasal-temporal directions preferentially
(Figs 5.4, A and C and 5.5).°”'® It has been suggested that these
collagen lamellae patterns exist to withstand the stress exerted on
the cornea by the ocular motor muscles, thereby helping to preserve
corneal shape.””'® In the anterior one-third of the stroma, collagen
lamellae run in more random directions and branching of the lamel-
lae in this superficial region (100-120 pum thick) has been described
in both the vertical and horizontal planes with fibrils interdigitating

from one lamella to the next, sometimes weaving between three
lamellar layers (Fig. 5.4, B and C).”® Some stromal interweaving in
the horizontal plane also occurs in the deeper lamellae.

In corneal edema, swelling is lowest in the most anterior part of
the stroma and even extreme swelling has little effect on corneal
curvature. The proteoglycan ratio in the corneal stroma is related
to stromal hydration and water distribution. In the posterior part
keratan sulfate, a more hydrophilic proteoglycan, is prevalent;
whereas in the anterior part dermatan sulfate, a much less hydro-
philic proteoglycan, is prevalent. Miiller et al suggest that the tightly
interwoven anterior lamellae, which restrain corneal swelling, might
also account for the maintenance of corneal curvature.'”! Given the
importance of this site, a question about corneal stability arises
concerning excimer laser refractive surgery in which this part of
the stroma is either ablated (photorefractive keratectomy) or inter-
sected (keratomileusis). Furthermore, a proportion of the anterior
lamellae inserts into Bowman'’s layer. Interestingly, Bowman’s layer
is not present in all animals'® and its removal does not measurably
alter the mechanical properties of the cornea.'® Thus, while there
are speculations as to the purpose for Bowman’s layer, its function
remains unclear.

The physical strength can be compromised in different corneal
diseases, which results in anomalies of corneal shape, and thereby
on the eye’s refractive status (Table 5.1). Corneal thinning is a
hallmark of noninflammatory ectatic disorders. The orthogonal
arrangement of the collagen fibrils is profoundly altered in kerato-
conus with a loss, rather than a compaction, of collagen, which is
responsible for the clinical thinning.'** Both the thinning and altered
collagen arrangement can account for the biomechanical instability
of the tissue, and lead to corneal protrusion.

BIOMECHANICAL RESPONSE TO EXCIMER
LASER REFRACTIVE SURGERY

Although thinning of the cornea is associated with protrusion and
consequent increase in curvature in noninflammatory ectatic dis-
orders such as keratoconus, the opposite response occurs when the
normal cornea is intentionally thinned by removing tissue in a
specific pattern via laser refractive surgery. In this case, the central
cornea flattens biomechanically due to alteration of the structure
by ablation of central portions of tension-bearing lamellae. Preop-
eratively, the normal cornea can be considered analogous to a series
of rubber bands, stacked one on top of the next, with water-soaked
sponges in between each layer. The rubber bands represent corneal
lamellae, and the sponges represent ground substance or matrix.
The rubber bands are stretched due to loading by the intraocular
pressure, and the water held in the sponges is ‘squeezed’ out by the

Table 5.1

Corneal thickening Corneal edema

Corneal thinning Ectatic disorders
Noninflammatory Keratoconus

Pellucid marginal degeneration
Keratoglobus

Posterior keratoconus

Post-LASIK keratectasia




~ Lamella of collagen fibrils - _

constant tension in the rubber bands. Thus, the normal corneal state
of relative dehydration is enhanced by the tension carried in the
lamellae, unless the swelling forces are altered by pathology or
surgery (Fig. 5.6, A). In laser refractive surgery, the lamellae are
severed in a circumferential pattern, with the deepest ablation in
the center for a myopic procedure and deepest ablation in the
paracentral region for a hyperopic procedure. Once the central
lamellae are ablated, the tension in the remaining peripheral lamel-
lar segments is dramatically reduced, much like cutting through
layers of rubber bands in the analogous model. The relaxed rubber
bands can no longer hold the water out of the sponges, and the
sponges expand as they imbibe water. However, unlike the stacked
rubber bands, the cornea has a complex interweaving collagen
microstructure. As the lamellar segments remaining in the periph-
eral cornea relax when the central cornea is ablated, the swelling
forces are regionally altered, causing the peripheral cornea to swell
and thicken.'® This is illustrated schematically in Fig. 5.6, B. This
is a similar mechanism to that which causes the central cornea to

Figure 5.4. Orientation of the collagen lamellae in the corneal stroma.
A, EM image (x1100) showing the arrangement of the lamellae in the
posterior two-thirds of the cornea shows the orderly pattern of
collagen orientation within each stromal lamella and the relationships
between successive lamellae (L, lamellae); B, EM image (x580)
showing the arrangement of the lamellae in the anterior third of the
cornea. Note the branching and interlacing pattern of collagen
lamellae. C, Schematic of A and B. (Figures 5.4, A and B are from
Ushiki and Komai. The three-dimensional organization of collagen
fibrils in the human cornea and sclera. Invest Ophthalmol Vis Sci
1991.)

flatten between opposing arcuate incisions in the peripheral cornea,
which are used to treat astigmatism. The incisions are placed 180°
apart in the meridian of greatest curvature, causing that meridian
to flatten, even without the removal of tissue. Thus, any procedure
which severs corneal lamellae in an arcuate or circumferential
pattern will cause the central cornea to flatten and the peripheral
cornea to thicken. The biomechanical central flattening is in syn-
chrony with the ablation pattern in a myopic procedure, and opposes
it in a hyperopic procedure where the goal is to increase central
curvature. Figure 5.7 is a series of topographic maps from a patient
who received a myopic LASIK procedure. The preoperative pachym-
etry and tangential curvature are given in Fig. 5.7, A and B. The
corresponding postoperative maps are given in Fig. 5.7, C and D,
which illustrates the typical paracentral steepening that is charac-
teristic of myopic refractive surgery. The pachymetric and tangen-
tial curvature difference maps are given in Fig. 5.7, E and F. The
central cornea shows a reduction in thickness in the pachymetric
difference map, which is expected in a myopic procedure. However,
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Rights were not granted to include this figure in electronic media.
Please refer to the printed book.

Figure 5.5. Electron micrograph (x32 000) of the posterior stroma
shows strictly alternating cross-sectioned and longitudinal sectioned
collagen bundles. (K, keratocyte). (This figure is also taken from Komai
Y, Ushiki T. The three-dimensional organization of collagen fibrils in
the human cornea and sclera. Invest Ophthalmol Vis Sci 1991 July;
32(8): 2244-2258.)

the peripheral cornea shows an increase in thickness within the
transition zone, where tissue was actually ablated. This is consistent
with the model presented in Fig. 5.6, B. The peripheral thickening
in laser refractive surgery is associated with an increase in curva-
ture, which is evident in the tangential difference map. This para-
central steepening contributes to biomechanical spherical aberration
induction after myopic excimer refractive surgery.

In rare cases, loss of structural stability may occur following laser
refractive surgery. This results in further corneal thinning and con-
sequent steepening, characteristic features of iatrogenic ectasia. This
biomechanical decompensation response is similar to that seen in
keratoconus. latrogenic ectasia has been reported more often in
LASIK than in PRK, and greater risk has been associated with
enhancements, low residual stromal bed thickness, and preoperative
curvature anomalies, as well as other factors.'”®'”” However, post-
operative ectasia has also occurred in the absence of these risk
factors. The exact mechanism remains unknown. The widely
accepted threshold for residual stromal bed thickness after the cre-
ation of a flap and subsequent ablation is 250-300 pum in LASIK,
and 400 um of total corneal thickness in surface ablation. Yet, a
series of ‘ultrathin’ corneas after surface ablation has been reported
with a final total corneal thickness less than the accepted threshold
without the occurrence of ectasia over 5 years of follow-up.'” Some
of these eyes had a total corneal thickness of less than 300 um
without the occurrence of ectasia. The hypothesis for the long-term

Pre-ablation

A
Post-ablation
)/ «— —>

B
Figure 5.6. Schematic illustration of the change in corneal structure
between the preoperative normal state (A) and the postablative state
(B). Once the central portions of the tension-bearing lamellae are
removed via ablation, the remaining peripheral lamellar segments relax
and the peripheral cornea imbibes water causing it to expand. Due to
the complex interweaving microstructure, the peripheral swelling
generates a force on the underlying layers causing the central cornea
to flatten.

stability of these ultrathin corneas was that a wide 10 mm ablation
zone was used in a phototherapeutic pattern, which more evenly
distributed the stress in the cornea and avoided the stress concentra-
tion of a small diameter, thin zone. Therefore, the risk for develop-
ing iatrogenic ectasia is multidimensional. It is also possible that
an as yet unidentified risk factor exists related to preoperative bio-
mechanical properties that might indicate a weaker cornea. The
ability to readily measure biomechanical properties in vivo would
allow further study of this rare complication.

MEASUREMENT OF CORNEAL
BIOMECHANICAL PROPERTIES IN VIVO

Until the introduction of the ocular response analyzer (ORA) in
2005,' no clinical technique existed to measure corneal biome-
chanical properties in the living eye. The ORA is similar to a non-
contact tonometer in that a controlled stream of air is used to
rapidly deform the cornea to a flattened state of applanation. This
inward applanation event is detected by an electro-optical system
composed of an infrared emitter aligned with the cornea such that
when applanation occurs, the light becomes focused on an infrared
detector creating a spike in the measured signal. The air stream
produced by the ORA, however, continues to increase past applana-
tion to a state of corneal concavity where the air pressure peaks.
As the air pressure subsequently decreases, the cornea passes
through a second applanation event in the outward direction, as
the cornea recovers its original shape. If the cornea were purely
elastic, the air pressure at which both the inward and outward
applanation events occur would be equal. However, due to the vis-
coelastic nature of the cornea, some of the energy is absorbed or
dissipated, and the air pressure at which the second applanation
event occurs is less than that of the first applanation event. The
difference between the two air pressures is termed ‘corneal hyster-
esis’, and is a marker for the viscoelastic properties of the cornea.

In an elastic material, the response of the material is dependent
only on the magnitude of the applied force. In a viscous substance,
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Figure 5.7. Topographic maps from a patient who received a conventional myopic LASIK procedure. The full diameter of the maps is 9 mm.
A, Preoperative pachymetry map. B, Preoperative tangential curvature map. C, Postoperative pachymetry map. D, Postoperative tangential
curvature map. E, Pachymetric difference map which shows a central decrease in thickness across the optical zone and a peripheral increase
in thickness within the transition zone where ablation occurred. F, Tangential curvature difference map that shows a central decrease in
curvature, along with biomechanically driven paracentral and peripheral increases in curvature (From Cynthia Roberts).
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the response is dependent not only on the magnitude of the applied
force, but also on the rate at which the force is applied. In other
words, viscosity implies a delayed or time-dependent response.
However, it is important to remember that in a viscoelastic material
like the cornea, the resulting hysteresis is influenced by both the
viscous and elastic components. Two corneas with the same level
of hysteresis may be different in terms of elasticity and viscosity.

Corneal hysteresis is positively correlated with corneal thick-
ness,'"® which indicates that a thicker cornea dissipates or absorbs
more energy than a thinner cornea. This may be due to increased
collagen content in a thicker cornea. However, the viscoelastic
response of the cornea may be altered by pathology or surgery.
Patients with keratoconus or Fuchs’ dystrophy have been reported
to have corneal hysteresis lower than that of normal eyes,'” despite
the vastly different corneal states. Keratoconic eyes are thinner than
normal due to loss of collagen, and corneas with Fuchs’ dystrophy
are thicker than normal due to edema. It is interesting to note that
thick normal corneas tend to have higher hysteresis, and thick
edematous corneas tend to have lower than normal hysteresis. It is
unlikely that the elastic and viscous components in keratoconic and
Fuchs’ corneas are similar, even with similar values of low hyster-
esis, due to the distinct structural characteristics. Further research
is needed.

Excimer laser refractive surgery not only alters corneal thickness
and curvature, it also modifies corneal biomechanical properties.
Corneal hysteresis is significantly reduced after both surface abla-
tion and LASIK.""" The reduction in hysteresis is not predicted by
the change in corneal thickness, and therefore may be attributed to
a fundamental change in viscoelastic properties. The long-term
effects of this modification in corneal properties are not yet
known.

Early evidence indicates that corneal hysteresis correlates with
visual field loss in glaucoma.''> However, the nature of the associa-
tion between properties of the cornea and damage at the back of
the eye is not yet known. Understanding the importance of corneal
biomechanical properties for diagnosis and treatment in disease
states is in its infancy, due to recent development of the ability to
measure corneal biomechanical properties in vivo.

Mechanical properties of the stroma account for the transparency,
shape, and physical strength of the cornea. Corneal biomechanics
can be altered in corneal diseases injury, and corneal surgery.
Whereas most medical and surgical treatments of the cornea are
geared toward the restoration of corneal transparency or shape,
refractive surgery for the transparent cornea designed to change its
shape has recently been introduced. The long-term stability and
predictability of corneal refractive procedures have now become
more prominent concerns. A better understanding of the corneal
biomechanical response is essential, in addition to corneal pathol-
ogy, for screening potential refractive surgery candidates, predicting
corneal behavior, and achieving optimal visual performance.
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Stromal wound healing

Trevor Sherwin, Colin R. Green

The cornea has been described as an evolutionary compromise
due to the diversity of the functional demands placed upon it. In
order to fulfill these demands the cornea must remain transparent,
refract light, contain the intraocular pressure, and act as a barrier
to protect the eye from the surrounding environs, with each of these
functions being provided by the highly specialized substructural
organization.'

The stroma or substantia propria forms approximately 90% of
the 600-pum thick cornea and is predominantly composed of an
extracellular matrix arranged in lamellae running parallel to the
corneal surface (Fig. 6.1). Interlaced within the matrix lamellae are
layers of keratocytes whose primary role is to maintain the stroma.
These cells are critical in the process of wound healing,.

THE CORNEAL STROMA IN HOMEOSTASIS

MATRIX COMPONENTS

The cornea is mainly composed of an extracellular matrix with the
two major constituents being collagen and proteoglycan. There are
19 known collagen types and the cornea expresses 10 of these plus
some spliced variants® with type 1 collagen and type V collagen
being the most abundant.’> Two classes of proteoglycan are found
within the stroma, those with keratan sulfate side chains (lumican,
keratocan, and mimecan) and those with dermatan sulfate side
chains (decorin).” The normally acellular Bowman'’s layer is a spe-
cialized condensation of the anterior stroma that contains type III
collagen in addition to types I and V.*

KERATOCYTES

The keratocytes within the stroma appear sparse when examined
within anteroposterior sections® (Fig. 6.1). However, labeling the
cells of the cornea with a fixable live cell dye enables the cellular
components of the stroma to be seen more clearly even within
anteroposterior sections® (Fig. 6.2). ‘En face’ images of keratocytes
reveal the highly connected nature of the cell syncitium and there
are differences in cellular appearance depending upon their position
in the anterior, mid-, or posterior stroma. These differences between

the three keratocyte subpopulations identified are clearly illustrated
in comparable high-resolution three-dimensional reconstructions of
cells from each region (Fig. 6.3). Large, variably shaped, and orien-
tated cell bodies and numerous short cell processes characterize
anterior keratocytes. Together they form a variety of cell process to
cell process, cell process to cell body, and cell body to cell body
contacts that dominate the anterior stroma. In the central stroma,
where cell density is clearly lower, cell bodies also show variable
shape and orientation, and maintain some cell body to cell body
contacts. However, continuity with adjacent keratocytes is largely
maintained through an attenuated network of cell process to cell
process contacts. The cell bodies of posterior keratocytes appear
‘swollen” when compared to anterior and central keratocytes. They
are fringed by a number of short cell processes and flat extensions
of cytoplasm, which form thin fenestrated areas adjacent to parts
of the cell body.”

NERVE ARCHITECTURE

The cornea is densely innervated by sensory fibers from the oph-
thalmic branch of the trigeminal nerve, which responds to mechani-
cal, thermal, and chemical stimulation of the cornea. Individual
nerve cells communicate via a range of both classical and peptide-
rgic neurotransmitters. In the human cornea, many radially oriented
nerve bundles enter the cornea via the sclera in the 9-3 h direction,
bend 90° and pass through Bowman'’s layer (Fig. 6.4, A), then bend
90° again, before ramifying and ending within the epithelium as
free nerve endings (mostly C-fibers). Corneal nerve architecture in
humans has been studied using light and electron microscopy.®® As
elegant as these studies were, the intrinsic limitations of corneal
tissue obtained from cadavers or enucleated eyes and the fragile
nature of corneal nerves was illustrated by the fact that significant
degeneration of sub-basal nerve bundles occurred within 13.5 h of
death.” However, the advent of the in vivo confocal microscope led
to the visualization of stromal and sub-basal nerves in living sub-
jects (Fig. 6.4, B and (). Most recently, this technique has been
utilized to map large areas of the sub-basal nerve plexus of the
central and mid-peripheral human cornea in health® (Fig. 6.5) and
disease.”
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Figure 6.1. Classical hematoxylin and eosin stain (H&E) of an
anteroposterior section of the human cornea showing the distinct
layers that comprise this tissue. The epithelium consists of five to
seven cell layers. The stroma, between Bowman’s layer underlying the
epithelium and Descemet’s membrane above the single cell layer
endothelium, makes up about 90% of the 600-mm thick cornea.
Masson’s trichrome (MT) illustrates that the blue stained stroma is
predominantly composed of collagen. Stromal keratocyte density is
seen to be greatest in the anterior stroma. The spaces evident within
the stroma are a preparation artifact, but serve to illustrate the layered
structure of the collagen lamellae.

STROMAL HEALING

CELLULAR RESPONSE

The response to any injury, which includes corneal surgery, involves
four phases: (1) the removal of damaged tissue, (2) a proliferative
and migratory phase, (3) a phase of repair and replacement, and (4)
termination of the wound-healing process. The primary cellular
change in response to injury or a surgical incision is the spreading
death of keratocytes immediately adjacent to the wound site through
apoptosis. Apoptosis is the programmed death of cells occurring
without significant release of intracellular components that might
damage the surrounding tissue. Apoptosis of keratocytes peaks at
about 4 h but the effects may last up to 1 week after the incision.
The loss of keratocytes from the stroma by these two processes can
lead to an acellular zone that extends 200-300 um from the
incision.’

The subsequent cellular response is the appearance of inflamma-
tory cells at the anterior end of the incision. These inflammatory
cells, in or near vascular regions of the cornea, include macro-
phages, T cells, and polymorphonuclear cells that migrate into the
corneal stroma from the limbal vessels, or it has been proposed
possibly from the tear film."" Author citations differ as to the timing
of the appearance of the inflammatory cells varying from 3.5 to
12 h.>'"" However, infiltration already begins to resolve by 48 h.?

These cells probably function in clearing the stroma of the apoptotic
bodies and other cellular material left behind by the die back of
keratocytes.'!

Within 6 h after injury subtle changes are occurring in the kera-
tocytes which border the acellular zone. The cells appear to increase
in size mirrored by an increase in the number of phagosomes and
vesicles and both the number and size of the nucleoli.* Most ribo-
somal RNA genes are located in specialized regions of chromosomes
associated with the nucleolus, thus these changes are consistent
with increased protein translation. The cytoskeleton is remodeled as
the keratocytes appear to transform into fibroblasts with stress
fibers containing actin (Fig. 6.6), nonmuscle myosin, and o-actinin
becoming visible and the cell morphology changes into a more
fusiform shape.'>" These repair cells migrate into the acellular zone
within 24 h after insult and reach the edge of the incision by day
2. At approximately 72 h after injury the fibroblasts that have
reached the wound edge begin to proliferate such that a fibrotic
network of cells form parallel to the cut surface.?

Depending on the type of wound, myofibroblasts may appear
characterized by the expression of o0 smooth muscle actin (a-SMA)
and increased levels of cadherins and transforming growth factor
B (TGF-beta) receptors. These cells are usually larger and contain
more stress fibers and focal adhesions than fibroblasts.' The appear-
ance of a-SMA is thought to impart greater contractile properties
on the myofibroblast cells' and expression of a-SMA is concurrent
with wound contraction. Myofibroblasts appear first under the epi-
thelium'>"® and then spread backwards to engulf the whole region
under repair, tending to occur in highly fibrotic wound types associ-
ated with significant extracellular matrix deposition and extensive
tissue contraction (Fig. 6.7)."® The appearance of myofibroblasts
within the cornea and their subsequent contraction are associated
with opacity during repair."”'® As the wound is resolved the loss of
myofibroblast markers within stromal cells is seen, followed by the
loss of fibroblast markers. Cell numbers begin to decline and return
to normal between 3 and 6 days post injury and gradually the cells
at the wound site return to normal morphology and number.’ From
this point remodeling of the cornea begins to produce a mature and
more functional scar.'

CYTOKINES

The cytokine family comprises several subclasses, including growth
factors, interleukins, colony-stimulating factors, and interferons,
and is responsible for a variety of biological responses, including
cell growth, differentiation, inflammation, and wound healing.
Cytokines are expressed by a mixture of diverse immune and non-
immune cell types. These factors are ubiquitous throughout the
human body tissues and have a plethora of roles that include extra-
cellular matrix production, extracellular matrix degradation, and
chemotaxis."

The release of cytokines in response to a corneal wound is
detected within minutes with the key regulator being interleukin-1
(IL-1). The release of IL-1 and tissue necrosis factor oo (TNF-or) from
compromised epithelial cells after injury has been implicated in the
keratocyte apoptosis that follows.”®'" However, the interactions are
complex as IL-1 has also been shown to initiate increased kerati-
nocyte growth factor (KGF) and hepatocyte growth factor (HGF) in
the stroma and the keratocytes, now competent for IL-1 production,
enter a self-perpetuating loop modulating this growth factor
production.>*

The response of the keratocytes at the periphery of the acellular
zone following apoptosis, to transform and migrate and then to



Figure 6.2. A, Human cornea visualized using a live cell tracker dye (CMFDA) in an anteroposterior direction. The light colored cells appear in
layers interspersed with extracellular matrix (unstained), but processes appear to run between layers linking them (arrow heads). B, C, and D:
higher magnification images at the anterior (B), mid (C), and posterior (D) levels of the stroma. Cell density is higher at the anterior level but the
keratocytes here are finer in structure. Arrow heads in B indicate Bowman'’s layer. Arrow heads in C indicate cell to cell contacts between
keratocytes and arrow heads in D indicate an extracellular matrix between a stromal keratocyte and Descemet’s membrane. Note that
Descemet’s membrane shows positively with the cell tracker dye but is an acellular structure.® (Reprinted courtesy of Clinical and Experimental
Ophthalmology.)

proliferate, is stimulated by the release of platelet-derived growth
factor (PDGF) and transforming growth factor B (TGF-beta) from
the epithelium into the stroma.>'' PDGF along with epidermal
growth factor (EGF) and insulin-like growth factor (IGF) have been
implicated in the inhibition of apoptosis once healing is under
way.”®*" A significant increase in TGF-beta binding is initially
observed at the wound margin, playing an important role in modu-
lating the inflammatory response and in providing the stimulus for
fibroblasts at low cell density to transform into myofibroblasts.”
This latter transformation is enhanced with the interaction of
PDGF.” Later in the healing cascade, fibroblast growth factor (FGF)
has been observed to play a role in the latter stages of wound
closure. In culture FGF has been shown to induce the conversion
of myofibroblasts to fibroblasts,”” a function seemingly supported
by the fact that FGF inhibits TGF-beta expression,” which drives
the transformation in the reverse direction. Whilst the above data
seem to indicate specific roles for specific cytokines in corneal
wound healing, the interactions between growth factors and cell,
and growth factor to growth factor inevitably means that the right
combination of factors needs to be expressed with spatial and tem-
poral coordination to ensure correct wound healing.

Several trophic factors have been identified within the human
cornea, the most prominent of which is nerve growth factor (NGF),
which has been shown to be essential in neuronal regeneration after
injury.”>* However, NGF has also been shown to play roles in cell
proliferation, migration, and differentiation in non-neural cells.” ">
Indeed, topical NGF has been applied with success in human chronic
corneal epithelial defects such as immune or neurotrophic ulcers®®*'
and been shown to accelerate the healing at the surgical incision
site after cataract surgery.”> Whilst this indicates a direct role for
NGF in corneal wound healing by exerting an effect upon the non-
neuronal cells, the relationship between the abundant corneal
nerves, the non-neuronal cells with which they interact and NGF
remains to be elucidated.

REMODELING OF EXTRACELLULAR MATRIX

Corneal wounds that enter the stroma require not only deposition
of new matrix components but also the removal of old damaged
matrix components and then extensive remodeling of corneal repair
tissue. Initial phases of wound healing which involve the removal
of damaged stroma is orchestrated by the plasminogen-activator/
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Figure 6.3. A detailed view of keratocytes in anterior (A), mid (B), and posterior (C)
stroma shown using live cell tracker dye (CMFDA). Arrow heads in A clearly show
fine cellular processes linking keratocytes and indicating that the tissue behaves as
a syncitium. In B the mid-stroma is seen to be more sparsely populated. In C
stromal keratocytes appear to form more cell body to cell body contacts, with arrow
heads indicating fine fenestrae on the cell bodies.® (Reprinted courtesy of Clinical
and Experimental Ophthalmology.)
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Figure 6.4. A, Immunofluorescence detection of stromal nerves and cell nuclei shows a nerve approaching and crossing Bowman’s membrane

before spreading along the basal layers of the epithelium. The nuclei of several stromal keratocytes can be seen in association with the nerve
before it contacts the epithelium. Stromal nerves may provide a direct route of communication between keratocytes and epithelium. B, In vivo
confocal microscopy of stromal nerves also shows association of keratocytes with the nerve axons. These axons give rise to the nerve fibers
which form the sub-basal nerve plexus shown by in vivo confocal microscopy (C).

Figure 6.5. A montage of 315 in vivo confocal images depicting the
architecture of the sub-basal nerve plexus of a single subject over the
central and near peripheral cornea. Images were captured using the
HRT Il fitted with the Rostock corneal module. Scale bar, 400 um.
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Figure 6.6. A, Human stromal keratocytes in culture retain their in vivo morphology with fine processes linking cells. B, Immunohistochemical
labeling indicates that these cells are devoid of filamentous actin. Upon insult (serum addition) the keratocytes undertake a fibroblastic
morphology (C) and have now assembled actin stress filaments in their cytoplasm (D).

Figure 6.7. Alpha smooth muscle actin labeling myofibroblasts in the
peripheral stroma of a laser-ablated rat cornea. The smooth muscle
actin appears green with cell nuclei highlighted in blue. Even though
the PRK ablation was in the central region of the cornea, keratocyte
differentiation has occurred though the full thickness of the cornea
peripheral to the wound site and the cornea has swollen to double its
normal thickness.




plasmin system®?* and by matrix metalloproteinases.”® Members of

the family of zinc-containing endo-peptidases, the matrix metallo-
proteinases (MMPs), which are expressed at very low levels in
normal tissue, have been implicated in the turnover of matrix com-
ponents in corneal wound healing. The expression of MMPs is
upregulated in response to inflammation and during remodeling of
tissues in response to cytokines and growth factors.*®

Only one MMP has been shown to be present in the intact normal
cornea, namely MMP2, also known as gelatinase A, as these
proteolytic enzymes were first named after the substrates that they
cleaved. This enzyme is capable of cleaving fibronectin, denatured
collagens, and basement membrane components, and has been
detected in normal human corneal stroma. The origin of MMP2 in
the stroma appears to occur in the most part by diffusion from the
aqueous humor” but as little tissue remodeling is required in the
quiet cornea the metalloproteinase is in its pro-enzyme form and
associated with a specific inhibitor for MMP2, namely tissue inhibi-
tor metalloproteinase 2 (TIMP2).

Studies comparing expression of MMPs in the stroma of corneal
wound models compared with unwounded cornea found MMP 1
(collagenase), MMP3 (stromelysin-1), and MMP9 (gelatinase B) were
all present 24 h after the wound was created but still absent from
the unwounded cornea. MMP2 levels had significantly increased
and now the enzyme was in an active form. Other studies have
demonstrated MMP expression during the time course of repair
tissue deposition and subsequent long-term remodeling.’*** The
expression pattern of all four MMPs follows similar kinetics. For
example, MMP1 increases 1.4-fold between 1 and 4 weeks after
insult while cell numbers rise 4.5-fold. Between 4 and 8 weeks after
injury, the MMP1 level drops 4.2-fold while cell number decreases
by only 1.8-fold up to week 10. This shows that MMP1 levels are
not related to stromal cell numbers but are being regulated tempo-
rally. Of interest is the fact that nonsteroidal anti-inflammatory
drugs (NSAIDs) do not downregulate MMP gene expression, with
MMPs 1 and 8 being expressed in increasing amounts in ulcerative
keratolysis from topical NSAID use.” In photorefractive keratec-
tomy (PRK) treatment, a fast wound-healing process was found to
be associated with very high levels of MMP8 and membrane type
1-MMP (MT1-MMP)*® and their activation, suggesting a role for
MMP8 and MT1-MMP in the corneal wound healing cascade. In
skin wounds the activation of MMP2 has been correlated with the
expression of MT1-MMP,*' which could signal a joint role in corneal
wound healing,.

EXTRACELLULAR MATRIX MOLECULES

The stromal fibroblasts and myofibroblasts are responsible for
stromal remodeling after wounding through the production and
resorption of collagen and the production of glycosaminoglycans.>*®
The provisional corneal wound matrix produced is rich in fibronec-
tin and chondroitin sulfate, which enhances the migration of repair
fibroblasts into the wound area.*” In contrast to the upregulation of
chondroitin sulfate proteoglycan is the decrease seen in the levels
of keratan sulfate proteoglycan in the wounded stroma.* The depo-
sition of fibronectin in the provisional matrix is mirrored by the
repair fibroblasts turning on the synthesis of the a5 integrin chain
to form the a5B1 integrin heterodimer, classically defined as the
fibronectin receptor. It has been proposed that acquisition of this
receptor allows focal adhesions to fibronectin and thus may con-
tribute to the ability of the fibroblast to migrate on the fibronectin-
rich provisional matrix.* Using in vitro models of human corneal

fibroblasts in collagen gels, it has also been demonstrated that the
presence of fibronectin or vitronectin was required for contraction
of the collagen gels.*® Molecules which are normally present only
in the basement membrane also seem to be deposited within the
provisional stromal matrix, including type IV collagen, type VII
collagen, and laminin.> After formation of the provisional matrix
the remodeling phase begins as the initial provisional matrix that
results in scarring is gradually replaced with matrix that will be
more functional in terms of optical quality. This matrix contains
type I and type III collagen that were not part of the provisional
matrix. Thus, it is suggested that the provisional matrix, which is
rich in fibronectin and chondroitin, promotes the entry of migrating
repair fibroblasts into the wound site and also may promote the
contractile functions of the myofibroblast aiding in pulling wound
edges together. Upon reversion to normal keratocyte phenotype the
scar tissue is gradually remodeled over a period of years in an
attempt to restore optical quality.

COMPARISON WITH SKIN WOUND HEALING

The tissue model used for many wound-healing studies has been
the skin. Due to the similarities between skin and cornea—both are
composed of a collagenous stroma with the corneal stroma being
the equivalent of the dermis in skin, and both are overlaid with a
squamous epithelium—it is not surprising that the knowledge gained
from skin wound healing has largely proved directly transferable
to the cornea, the most significant difference being the limited
number of cell layers (five to seven) in the corneal epithelium. The
corneal keratocytes and skin fibroblasts play similar roles, and
undergo similar phenotypic changes during wound repair to close
the wound (differentiating into myofibroblasts) or to lay down scar
tissue. Many of the cytokines involved in wound repair are dupli-
cated, such as TGF-beta3 which has been the focus of therapeutic
intervention in both tissues. However, there are also differences in
the wound healing process that exist both due to anatomical dif-
ferences and also probably due to the need to maintain the function
of the cornea, especially its transparency. One major factor contrib-
uting to corneal transparency is the precision with which the stromal
matrix is ordered. First, the collagen fibrils are composed of het-
erodimers of type I and type V collagens, which allows a very
narrow fiber diameter. Second, type VI collagen is present within
the cornea at unprecedented levels. This type of collagen is not
located within the fibrils themselves, but instead forms thin fila-
ments with a 100-nm periodicity.***” These type VI collagen fila-
ments have been shown to run alongside and between the collagen
fibrils*® and are thought to interact with stromal proteoglycans
within the interfibrillar matrix to determine the interfibrillar dis-
tance of the collagen fibrils.” The emergence of new collagen types
such as type XII collagen that has been shown to be present in the
quiescent stroma may play a role in the arrangement and assembly
of the collagen fibrils.

SURGICAL WOUNDS:
HEALING AND VISUAL OUTCOMES

SUTURED AND UNSUTURED WOUNDS

Penetrating keratoplasty is historically the oldest, the most common,
and the most successful form of transplant procedure performed
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worldwide. Two forms of suturing are used to secure the tissue in
place, continuous and interrupted, and surgeons variously use one
or both. The presence of sutures within a surgical corneal wound
provides several beneficial functions. Firstly, the suture brings
together the edges of the wound, eliminating empty space, thus
minimizing the distance that repopulating cells (fibroblasts) must
travel. Secondly, the suture limits epithelial ingrowth and thirdly it
provides immediate tensile strength. Finally, sutures act as an
inflammatory stimulus for leucocytes and macrophages which assist
healing and also provide substrata along which these cells may
move.” Modern cataract surgery now routinely uses the corneal
step method, which uses intraocular pressure to seal the unsutured
wound and the corneal flap created during LASIK refractive surgery
also remains unsutured.

Comparative studies on deep sutured and unsutured wounds in
a primate corneal model and observation of human tissue postmor-
tem that had undergone previous surgery revealed some interesting
findings.

Sutured wounds were found to (1) lack epithelial plugs, (2) exhibit
more complete healing, (3) display substantial sub-epithelial fibro-
plasia with a hypertrophic scar, and (4) display fibroblasts and
lamellae that spanned across the wound. Similar wounds that were
left unsutured displayed (1) prominent, chronic epithelial plugs (Fig.
6.8), (2) less complete healing, (3) a lack of sub-epithelial fibropla-
sia, and (4) fibroblasts and lamellae that ran parallel to the wound
edge.”!

PENETRATING KERATOPLASTY

The healing of a human corneal wound does not occur by the
reanastomosing of the cut ends of collagen lamellae within the
stroma. Rather, healing occurs by the deposition of a provisional
matrix within the wound site, which intercalates with the existing
lamellae.” Thus the physical architecture of the wound in penetrat-
ing keratoplasty (or any other incision for that matter) will play a
role in the healing process. Often the donor and recipient corneas
are not cut so that the edges lie at 90° to the cut surface but rather
to form a trapezoid with the longer of the parallel sides at the
corneal surface (Fig. 6.9). The recovery of tensile strength within
the wound has been shown to be slow in animal models, with tensile
strength being 8, 36, and 50% of normal at days 10, 40, and 100,
respectively. However, in humans the recovery is even slower with
50% of normal corneal tensile strength being reached between 2
and 3 years postoperatively.*”

REFRACTIVE SURGERY

The cellular response to refractive surgical techniques, PRK and
LASIK have been analyzed in a rabbit model.”> This study found
that there was increased keratocyte apoptosis, keratocyte prolifera-
tion, and myofibroblast generation in PRK for high myopia in
comparison with LASIK for high myopia or PRK for moderate
myopia. In LASIK eyes, keratocyte apoptosis and proliferation
occurred within the stroma above and below the lamellar interface
of the flap. In contrast, in corneas after PRK procedures, keratocyte
apoptosis was observed in the anterior stroma with proliferation
occurring in the posterior and peripheral stroma. No generation of
myofibroblasts was observed in the central cornea of eyes after
LASIK for high myopia or PRK for moderate myopia. The authors
suggested that the proximity of the stromal cellular processes to the
overlying epithelium in PRK treatment facilitates the generation of

Figure 6.8. The formation of an epithelial plug, which serves to fill
unwanted tissue gaps and provide a smooth ocular surface, is a
common postsurgical occurrence of unsutured corneal wounds. The
figure depicts an in vitro model of unsutured corneal wounds that
forms perfect epithelial plugs, seen here immunolabeled for keratins 3
and 12 (green) and counterstained with DAPI to show nuclei (blue).

Figure 6.9. The host—graft junction of a cornea from a 70-year-old
female grafted 10 years previously for keratoconus, and now being
regrafted for progressive astigmatism. The graft had no previous
history of rejection and exhibited no vascularization. The grafted
cornea, fixed, frozen, and crysectioned, has been stained for actin
and counterstained with DAPI to show the nuclei. Of interest is (1) the
host—graft junction interface which is not perpendicular to the corneal
surface, (2) the presence of actin positive cells (fibroblasts) at the
interface 10 years post-graft, and (3) the disrupted nature of the
epithelium from the recipient spilling across the junction to involve the
epithelium on the graft.



myofibroblasts and other healing processes. Further noted was the
agreement of the above rabbit data with the low incidence of haze
noted in LASIK or low myopia PRK treated human corneas.****

A recent study examined corneal wound healing after LASIK
where the corneal flap was created using a conventional mechanical
microkeratome versus a femtosecond laser.”” The study found no
difference in keratocyte activation or migration between the two
techniques, but the authors did note a modulation of wound healing
at the flap edge. It was noted that the flap edge produced by the
femtosecond laser was more defined than the edge produced by the
mechanical microtome, the latter of which also showed epithelial
cell invasion rather than the epithelial plug seen in the femtosecond
laser flap. At the 2-month examination of the microkeratome group,
the epithelial cells had disappeared, leaving an irregular zone of
fibrotic wound healing. In the femtosecond laser group at the 2-
month examination, the stroma adjacent to the flap was hyper-
reflective, suggestive of a wound healing process, but no activated
or abnormally large keratocytes were present. The authors suggested
that the more abundant fibrotic tissue in the femtosecond laser
group was due to the precision cutting of the laser. In the micro-
keratome flap the cut edge resembles an incision wound, producing
tighter fitting edges on contact, whereas the femtosecond laser flap
produces a gap which is filled by an epithelial plug producing a
greater interaction between epithelium and stroma, thus producing
greater scarring. The femtosecond laser is said to create greater
corneal stromal inflammation than the mechanical microtome up
to 24 h postoperative, but a stronger flap adhesion.*®

EMERGING AND FUTURE TECHNOLOGIES

STEM CELLS FOR STROMAL REPAIR

Pluripotent stem cells provide a source of cells for corneal stroma
repair and engineering in vivo. They undergo asymmetric differen-
tiation to reproduce themselves and progenitor cell offspring with
high fidelity and potency. They usually reside in protective niches
such as hematopoietic stem cells in the bone marrow, or limbal
epithelial stem cells in the palisades of Vogt at the limbal rim (see
Ch. 12.6 for further details on epithelial stem cells). Although still
poorly understood, both limbal epithelial stem cells® and stromal
stem cells®® express putative stem cell markers such as ABCG2, p63,
and PAX6, and lower levels of the gap junction protein connexin.*
Stromal stem cells have only recently been identified,*® residing
near the highly vascularized limbal rim. As with limbal epithelial
stem cells, they are label retaining owing to a slow cell cycle time
and can therefore be isolated in a fluorescent activated cell sorter
as a specific side population.

Autologous stem cell transplantation has proven to be a very
effective surgical procedure for the restoration of badly damaged
ocular surfaces.®’ Harvesting sufficient numbers of cells can result
in deficiency in the donor eye®” but may in the future be overcome
by culturing holoclone balls providing a source of pluripotent cells
for transplantation. The success rate for allogenic transplantation
for bilateral injury or disease remains low despite the administration
of immunosuppressants®®* but provides promise for the future, not
only the cornea, but also for other tissues. Limbal epithelial stem
cells transplanted into damaged retina are able to differentiate into
a neuronal phenotype® and may play a role in stromal repair where
epithelial-keratocyte interactions are important.”” Stromal stem
cells are also pluripotent, for example expressing cartilage-specific
markers such as cartilage-oligomatrix protein, aggrecan and type Il

collagen under chondrogenic conditions, and glial fibrillary acidic
protein, neurofilament protein and beta-tubulin II when grown in
neurogenic culture medium.*® Although hematopoietic stem cells
may provide a source of keratocytes for stromal repair,*® the stromal
stem cells appear to be the first to be identified with truly keratocyte
progenitor potential providing a possible resource for stroma cell-
based therapy and tissue engineering.

GENE THERAPY AND GENE REGULATION

By 2005 technological advances had enabled more than 300 phase
I and II gene-based clinical trials, but few have been applied to the
cornea.”’” Yet the cornea is ideally suited for gene regulation, being
readily accessible and immune-privileged. Wound healing with
growth factors, for example, has had limited benefit owing to the
vast soup of factors involved (over 3500 genes are significantly
altered when a tissue is damaged®). The length of delivery, timing
of application, and expense of production are important, but an
overriding factor is the effective delivery of factors with sufficient
bioavailability. Gene therapy and gene regulation protocols (ranging
from transient antisense or RNAI strategies to stable viral transfec-
tions) offer a possible solution. Originally developed to correct
heritable gene defects,*”® gene therapy is defined as a treatment
based upon introduction of genetic material to provide therapeutic
benefit, directly by the expression of a gene product, or indirectly
by inducing translation of an antagonist or modifier product. In its
wider sense, ‘gene therapy’ may include regulation of gene products
at the mRNA level (antisense genes, RNAi, siRNA, antisense oligo-
nucleotides, morpholinos, deoxyribozymes) although most of these
do not necessarily involve stable transfection of genetic material.
Methods of gene delivery may involve liposomes, electroporation,
direct injection, coated particle bombardment, or viral techniques
(such as viral vectors, recombinant adenoviruses, and retroviruses—
for full review see ref. 71). Gene therapy has the potential to reverse
myofibroblast differentiation using FGF-1 or FGF-2* or to inhibit
the expression of TGF-beta to reduce postoperative scarring and
PRK-induced corneal haze.”” A plasmid vector-encoding tissue plas-
minogen activator (tPA) has shown promise in reducing fibrin for-
mation, the biologically active tPA being detected for 4 days after
vector application”® and gene transfer of a TGF-beta type II receptor
to block TGF-beta activity has inhibited corneal opacification,
edema, and angiogenesis.”* For disease conditions such as kerato-
conus, a strong increase in the Sp3 short isoform and a lack of the
Sp3 activator long isoform causes a total absence of the nerve
growth factor (NGF) receptor TrkA (and decreased levels of NGF
itself along with reduced p75 neurotrophic receptor levels).”” The
possibility exists for future gene therapy for diseases of this type.

COMPONENT SURGERY AND
CORNEAL ENGINEERING

Penetrating keratoplasty is the current treatment of choice for
irreparably damaged corneas. The success rate is high owing to the
low incidence of immunogenic rejection although once rejection
does occur, secondary procedures are inevitably less successful.
Furthermore, with alkali burns, immunological disorders, severe dry
eye, stem cell deficiency, vascularization, ocular diseases such as
Stevens-Johnson syndrome or neurotrophic scars secondary to
herpes zoster ophthalmicus, penetrating keratoplasty may not be
tolerated. Recent trends to replace only the essential tissues or cells,
termed ‘component surgery’, help to reduce the risk of rejection and
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may yield better refractive outcomes. Where surgery is required to
repair stromal dystrophies, damage to the endothelium can be
avoided reducing the risk of complications. Component surgery may
include the epithelium, epithelial or stromal stem cells, portions of
the stroma itself, or the endothelium. Tissue components may be
transplanted as sheets using carriers or scaffolds, or as lamella sec-
tions (for review see ref. 76). Several procedures such as amniotic
membrane carriers for the epithelium, endothelial lamella kerato-
plasty, and deep lamella keratoplasty are already in clinical practice.
Epithelial sheet transplant has proven successful for burns, ocular
surface diseases such as Stevens-Johnson syndrome, and ocular
cicatricial pemphigoid.”” Epithelial sheets are most commonly grown
on amniotic membranes in air-liquid interface cultures using 3T3
feeder cells and are then applied to provide stromal covering and
repair. These epithelia become multilayered and show differentia-
tion through the layers, including expression of epithelial markers
such as keratins 3 and 12.”%”° Polymers and extracellular matrices
have also been used; whether all of these cultured epithelial sheets
contain cells with stem-like properties remains unresolved. In lamel-
lar keratoplasties irregularities in the surface being grafted onto can
leave haze, and keratomes that create lamellar flaps or caps are
favored. Deep lamellar excisions to the level of Descemet’s mem-
brane is a relatively newer procedure® although perforation of
Descemet’s membrane remains the most common complication,
occurring in approximately 30% of cases.”® For endokeratoplasty,
inclusion of Descemet’s membrane and some deep stroma preserves
the anterior corneal curvature reducing changes in astigmatism or
refraction. Again, use of a microkeratome to prepare both host and
donor tissues creates a smooth interface with better outcomes.®'
Penetrating keratoplasty or component surgery are, however,
both limited by the availability of suitable donor tissue with waiting
lists exceeding 2 years now common in the USA.*” This issue is
further exacerbated by diseases such as HIV and hepatitis C, and
by the increased use of LASIK corrective surgery, which renders the
cornea unsuitable for grafting.”> The development of keratoprosthe-
ses and tissue-engineered corneas has been rapid, especially since
2000.%* The highly organized stroma, with over 300 highly ordered
layers, represents a special challenge if the transparency of the
cornea is to be maintained. Synthetic materials are readily available,
have good optical properties, reduce the risk of disease transfer, and
no postoperative remodeling is required.** However, biodegradable
polymers are generally not suitable if they are to retain transpar-
ency,® and artificial materials must also be nontoxic, oxygen and
nutrient permeable, and must avoid triggering an immune or
inflammatory response that could lead to biodegradation, calcifica-
tion or tissue melting.*>®” Some keratoprostheses have now been in
use since the 1990s (such as the Dohlman-Doane keratoprosthesis®)
but complications are not unusual with artificial devices, including
glaucoma, retroprosthetic membrane, melting, retinal detachment,
and endophthalmitis.®* As a result, there is a growing interest in
cell-based engineered tissue replacements that mimic the structure
and functions of the natural cornea. It is expected that cell-based
engineering will ultimately lead to corneal substitutes that will play
an important role in corneal healing and stromal repair. As noted
above, the recent discovery of stromal stem cells®* and the pluripo-
tency of limbal epithelial stem cells offers numerous possibilities
for tissue engineering, including autologous tissue engineering,
provided the correct substrate and medium is provided. The multiple
use of limbal rims returned from transplant surgery is especially
appealing provided suitable matrices can be identified for cell popu-
lation from the limbal rim. Currently, natural biopolymer hydrogels

such as those based upon alginate, chitosan, agarose, and collagen
are favored and have been shown to support three-dimensional
growth of cells.®* Since 85% of the stroma is extracellular matrix,
the majority of studies have used gels based upon these components
(primarily type I collagen, chondroitin sulfate, and heparin sulfate).
One of the limiting factors has been the mechanical properties of
the matrices used, with higher collagen concentrations and cross-
linking techniques used to improve these.?” Possibly owing to the
poor mechanical properties of bioengineered corneas or corneal
tissue for stromal wound repair, few tissue-engineered cornea
research groups are seeking clinical application.*® However, the
potential of stem cell research coupled with advances in gene
therapy, tissue engineering, and advanced corneal surgery provides
a positive future for the corneal surgeon.
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INTRODUCTION

The cornea covers the anterior one-sixth of the circumference of
the globe. It is a clear, transparent, avascular structure richly sup-
plied with sensory nerves in the anterior third of the corneal stroma.
In fact, the corneal sensory nerve endings are found in the epithe-
lium and they subserve touch and pain sensations. There are no
lymph vessels or other channels for bulk fluid flow. The interface
between the corneal tear film and the ambient atmosphere provides
roughly two-thirds of the refractive power of the human eye. It,
therefore, is a common point where medical (e.g. contact lenses) or
surgical (e.g. laser in situ keratomileusis (LASIK) or surface ablation)
interventions are performed to improve refractive errors. Much of
its oxygen requirement for metabolic activities comes from the
atmospheric oxygen dissolved in the tear film.! When the eyelids
are closed, oxygen can also enter the tear film from the superficial
conjunctival capillaries. Most nutrients such as carbohydrates, vita-
mins, amino acids, and other substrates are primarily delivered to
the cornea through the leaky corneal endothelial barrier with a
minor contribution from the vascular arcades of the limbus. Certain
growth factors, immune constituents, or other substrates, like retinol
(prevents epithelial keratinization), are secreted by the lacrimal
gland and delivered to the cornea by the tears. Carbon dioxide and
other metabolic end products are removed across the corneal endo-
thelium to the aqueous humor, by the tear film, or through the
limbal capillaries. The cornea itself is resilient, yet is described as
viscoelastic in its response to stretching forces. Due to its avascular
nature, the human cornea heals in a limited primitive fashion to
injury,” albeit epithelial-stromal interactions and fibrous metaplasia
of the corneal endothelial cells will result in localized areas of
stronger fibrotic wound healing,.

Although other cell types do exist in the cornea, like Langerhans
and dendritic bone marrow-derived immune cells, trigeminal nerve
dendrites, Schwann cells, and histiocytes, the human cornea is pri-
marily composed of three cell types: epithelial cells, stromal kera-
tocytes, and endothelial cells.' They all can replicate under mitosis,
but they vary significantly in their in vivo self-mitotic capacity

(proliferative capacity) with epithelial cells being the most renew-
able, stromal keratocytes being in the middle, and endothelial cells
being the least renewable. This fact is seen clinically when epithelial
cells can completely regenerate after injury (e.g. corneal abrasions)
or can develop into cancer (e.g. squamous cell cancers that originate
from limbal progenitor cells, or stem cells, at the Pallisades of Vogt),
while endothelial cells are most commonly involved in age-related
(e.g. Fuchs’ dystrophy) or injury-related disease (e.g. pseudophakic
bullous keratopathy), ultimately resulting in corneal edema and
bullous keratopathy.

The limited proliferative capacity of human corneal endothelial
cells apparently is only an in vivo phenomenon as endothelial cells
can proliferate quite well in ex vivo cell culture conditions.”® The
in vivo mitotic quiescence of human corneal endothelium has been
found to be predominantly due to cell contact inhibition, in part
through the activity of p27.? This results in corneal endothelial cells
being arrested in the G1-phase of the cell cycle.* High aqueous
humor concentrations of TGF-beta2 along with age-related cellular
senescence and lack of an injury-inducible cytokine-stimulating
pathway are secondary fail-safe mechanisms that also suppress in
vivo endothelial cell proliferation if cell-to-cell contact is compro-
mised (e.g. endothelial cell damage).>*

The purpose of this chapter is to describe the structure and func-
tion of the corneal endothelium in health and disease. Moreover,
common potential endothelial stressors will be discussed, such as
contact lenses and commonly practiced surgical procedures.

MICROSCOPIC ANATOMY,
ULTRASTRUCTURE, AND PHYSIOLOGY

EMBRYOLOGY TO BIRTH

Although embryologic eye development begins at 4-5 weeks of
gestation (27-36 days) during lens vesicle formation, the develop-
ment of the corneal endothelium only occurs by the end of this
time period when the first wave of neural crest-derived mesodermal
cells begin to extend beneath the corneal epithelial cells from the
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limbus at around 5 weeks of gestation (33 days). These cells form
the primitive endothelium, which is initially composed of two-cell
layers. By 8 weeks of gestation, a monolayer of cells is formed that
starts to produce Descemet’s membrane. The epithelium and endo-
thelium remain closely opposed until 7 weeks of gestation (49 days)
when a second wave of mesoderm begins to grow centrally from
the limbus between the epithelium and endothelium producing the
corneal stroma. By the third month of gestation, Descemet’s mem-
brane can be clearly recognized on histologic sections. By the
seventh month of gestation, the cornea resembles that of the adult
in most structural characteristics other than size. At birth in the
full-term infant, the horizontal diameter of the cornea is only
around 9.8 mm (surface area 102 mm?), or approximately 75-80%
of that of an adult human cornea (note that the posterior segment
is <50% of adult size at birth). Additionally, at birth, the cross-sec-
tional thickness of the epithelium averages 50 um, the Bowman'’s
layer averages 10 um, the central cellular corneal stroma averages
450 um, Descemet’s membrane averages 4 um, and the endothelium
averages 5 um thick.

INFANCY TO ADULTHOOD

The endothelium of the infant cornea is composed of a single layer
of approximately 500 000 neural crest-derived cells, each measur-
ing around 5 um in thickness by 20 um in diameter, covering a
surface area of 250 wm®.®’” The cells lie on the posterior surface of
the cornea and form an irregular polygonal mosaic. The tangential
appearance of each corneal endothelial cell is uniquely irregular,
usually uniform in size to one another, and typically six-sided
hexagons (which is the most energy efficient and optimal shape to
cover a surface without leaving gaps).® They abut one another in
an interdigitating fashion with a 2-4-nm wide extracellular space
between each other. The extracellular space is known to contain
discontinuous apical tight junctions (macula occludens) and lateral
gap junctions (Fig. 7.1), thereby forming an incomplete barrier to
the diffusion of small molecules. As corneal endothelial cells have
numerous cytoplasmic organelles, particularly mitochondria, they
have been studied and found to have the second highest aerobic
metabolic rate of all cells in the eye next to retinal photoreceptors.®
At birth, the central endothelial cell density of the cornea is around

5000 cells/mm?’ Because the corneal endothelium has a very limited
in vivo regenerative capacity (endothelial cells are currently hypoth-
esized to proliferate—particularly in the corneal periphery near
Schwalbe’s line—at too low a rate to adequately replace dying cells)
and because aging results in progressive cellular senescence, par-
ticularly in the central regions of the cornea in part through the
activity of the cyclin-dependent kinase inhibitor p21, there is a
well-documented decline in central endothelial cell density with age
that typically involves two phases: a rapid and a slow component
(Fig. 7.2).*>" During infancy, the cornea continues to grow over
the first 2 years of life reaching adult size at 2 years of age with
an average horizontal diameter of 11.7 mm (surface area 138 mm?).
It changes very little in size, shape, and optical properties thereafter.
The only significant structure in the cornea that continues to grow
after age 2 is Descemet’s membrane as it gradually increases an
additional 6-11 um in thickness from birth to death. Due to corneal
growth and age-related or developmentally selective cell death,
during the fast component, the central endothelial cell density
decreases exponentially to about 3500 cells/mm?” by age 5 and 3000
cells/mm? by age 14-20.*° Thereafter, a slow component occurs
where central endothelial cell density decreases to a linear steady
rate of 0.3-0.6% per year, resulting in cell density measurement
around 2500 cells/mm? in late adulthood.”” Because the corneal
endothelium maintains its continuity by migration and expansion
of surviving cells, it is not surprising that the percentage of hex-
agonal cells decreases (pleomorphism) and the coefficient of varia-
tion of cell area increases (polymegathism) with age.?

It is important when reviewing this information to realize that
these are average central corneal endothelial cell counts from pre-
dominantly Caucasian US populations. Several studies reveal that
important racial and geographic differences exist as Japanese, Fili-
pino, and Chinese corneas have been found to have higher cell
density measurements than Caucasians, while Indian corneas have
lower cell densities (Table 7.1)."°" It is hypothesized that this range
of central cell densities may be predominantly due to differences
in corneal diameter and endothelial surface area between these
groups (e.g. Japanese, Caucasian, and Indian horizontal corneal
diameters averaged 11.2, 11.7, and 12.0 mm, respectively), but
genetic and environmental factors are also a possibility. Addition-
ally, this data applies only to central corneal endothelial counts

Table 7.1 Comparison of Endothelial Cell Density in Indian, American, Chinese, Filipino, and Japanese Populations

INDIAN? AMERICAN® CHINESE®° FILIPINO? JAPANESE®
Age groups No. of Cell density No. of Cell density No. of Cell density No. of Cell density No. of Cell density
(years) eyes (cells/fmm? eyes (cells/fmm? eyes (cells/mm? eyes (cells/mm? eyes (cells/fmm?
20-30 104 2782 £ 250 11 2977 £ 324 100 2988 £ 243 114 2949 £ 270 18 3893 £ 259
31-40 96 2634 £ 288 6 2739 £ 208 100 2920 £ 325 112 2946 £ 296 10 3688 £ 245
41-50 97 2408 £ 274 11 2619 £ 321 97 2935 £ 285 112 2761 £ 333 10 3749 £ 407
51-60 98 2438 £ 309 13 2625+ 172 97 2810 £ 321 102 2555 +178 10 3386 + 455
61-70 88 2431 £ 357 8 2684 + 384 90 2739 £ 316 114 2731 £ 299 6 3307 £ 330
>70 54 2360 + 357 15 2431 £ 339 83 2778 £ 365 86 2846 + 467 15 3289 + 313

?Rao SK, et al. Corneal endothelial cell density and morphology in normal Indian eyes. Cornea 2000; 19: 820-823.

bMatsuda M, et al. Comparison of the corneal endothelium in an American and a Japanese population. Arch Ophthalmol 1985; 103: 68-70.
°Yunliang S, et al. Corneal endothelial cell density and morphology in healthy Chinese eyes. Cornea 2007; 26: 130-132.

9Padilla MDB, et al. Corneal endothelial cell density and morphology in normal Filipino eyes. Cornea 2004; 23: 129-135.
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Figure 7.1. A, Scanning electron micrograph (x1000) on the posterior surface of the corneal endothelium from a 65-year-old patient with
healthy eyes. Note how the hexagonal endothelial cells form a uniform monolayer with small 2-4-nm extracellular spaces between adjacent
endothelial cells. E, endothelial cells; ES, extracellular space. B, Transmission electron micrograph (x4750) of the posterior corneal stroma,
Descemet’s membrane, and corneal endothelium from a 65-year-old patient with healthy eyes. PS, posterior stroma; BDM, banded portion of
Descemet’s membrane; NBDM, nonbanded portion of Descemet’s membrane; E, endothelial cells; ES, extracellular space. C,
Immunofluorescence confocal microscopy illustrating labeling of junctional adhesion molecule A (JAM-A) in corneal endothelial cell junctions
(green). Nuclei are counterstained with TO-PRO 3 (blue). The photomicrograph (x2000) highlights tight junctional complexes (green). (From
Kenneth J Mandell, MD, PhD). D, Photomicrograph (x400) of fluorescein-dye spreading between many adjacent endothelial cells in a human
cornea, which demonstrates the intimate importance of gap junctions in how endothelial cells communicate with one another. (From Mitchell A
Watsky, PhD).

6000 Figure 7.2. Scatterplot with best fit curve showing the average central
: corneal endothelial cell density for normal, healthy eyes of different
50001 ages. (From Williams KK, Noe RL, Grossniklaus HE, et al. Correlation of
histologic corneal endothelial cell counts with specular microscopic cell
density. Arch Ophthalmol 1992; 110: 1146-1149.)
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Rights were not granted to include this figure in electronic media.
Please refer to the printed book.

Figure 7.3. Diagram (A) and graph (B) illustrating the central, paracentral, and peripheral corneal endothelial cell densities in healthy, normal
subjects. (From Rangaswamy NV, Zhou W, Harwerth RS, Frishman LJ. Effect of experimental glaucoma in primates on oscillatory potentials of

the slow sequence mfERG. Inv Ophthalmol Vis Sci 2006; 47: 753-767).

since recent work has shown that higher endothelial cell densities
can typically be found in more peripheral aspects of the cornea (Fig.
7.3)."* Therefore, it appears that corneal endothelial cell numbers
decrease on average about 50% from birth to death in normal sub-
jects. Because corneal decompensation typically doesn’t occur until
central density values approach 500 cells/mm’ (90% decrease in
endothelium from birth or 80% decrease from healthy adulthood
level), there appears to be plenty of cellular reserve potential
remaining after an average human lifespan of 75-80 years of life.*’
Estimates suggest that healthy, normal human corneal endothelium
should maintain corneal clarity up to a minimum of 224-277 years
of life, if humans lived that long.’

The primary function of the corneal endothelium is to maintain
the deturgescence and clarity of the cornea through a barrier func-
tion and a pump-leak mechanism first described by David Maurice."
Secondarily, it is also known to secrete an anteriorly located base-
ment membrane called Descemet’s membrane and a posterior
located glycocalyx layer.'

BARRIER FUNCTION

The barrier function of the endothelium is dependent upon having
a sufficient number of corneal endothelial cells to cover the poste-
rior surface of the cornea and having integrity of endothelial cel-
lular tight junctions, which are present in the extracellular spaces
between endothelial cells (Fig. 7.4). Clinically, the barrier function
of the cornea can be assessed by the use of the specular microscope
or the confocal microscope (endothelial cell density), and fluoro-
photometry (permeability). In healthy human corneas, this barrier
prevents the bulk flow of fluid from the aqueous humor to the
corneal stroma, but does allow moderate diffusion of nutrients,
water, and other metabolites to cross into the stroma through the
2-4-nm wide extracellular spaces. The leaky endothelial barrier may
initially seem inefficient, but when one considers that most nutri-
ents for all layers of the cornea come from the aqueous humor,
some limited leakiness of the monolayer is reasonable. Additionally,
despite the normal loss of endothelial cells that occurs with age,
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Figure 7.4. Diagram (A) and graph (B) illustrating the normal barrier
function of corneal endothelium, which is due to endothelial cells
covering the posterior corneal surface without gaps and the focal,
tight junctions (macula occludens). The bar graph in B shows the
normal permeability of human endothelial monolayer to
carboxyfluorescein compared to that without endothelium, which
resulted in a six-fold increase in permeability. (From Watsky MA,
McDermott ML, Edelhauser HF. In vitro corneal endothelial
permeability in rabbit and human: the effects of age, cataract surgery,
and diabetes. Exp Eye Res 1989; 49: 751-767 with permission from
Elsevier.)

there appears to be no appreciable increase in the permeability of
normal, healthy aged corneas.'® Only when the endothelium is
severely reduced in cell density (central endothelial cell density = 2000
cells/mm?), is acutely damaged, and/or has disrupted cell junctions,
does its permeability increase (up to a maximum six-fold increase
in permeability to carboxyfluorescein (12.85 x 10~* cm/min) com-

pared to normal (2.26 X 10™* cm/min)).'® Studies have inferred that
during the fifth month of gestation the tight junctions completely
form and the endothelial barrier is established."”

A number of factors have been known to acutely affect the barrier
function of the endothelium, including the following: reversible
disruption of cell junctions (calcium-free solutions or glutathione-
restricted solutions); mechanical damage (e.g. trauma, IOL inser-
tion); surgical instrument trauma; or chemical injury (e.g.
non-physiologic or toxic intraocular solutions, preservatives). For-
tunately, the remaining viable cells are able to migrate, re-cover
the posterior corneal surface by spreading out over a larger surface
area, and re-establish the intercellular cell junctions. Thus, the
barrier function of the corneal endothelium is efficiently restored.

PUMP-LEAK MECHANISM

The classic temperature reversal studies provided the first evidence
that the maintenance of corneal transparency was metabolically
dependent.' Corneal thickness was found to increase when intact
eyes were refrigerated. This effect was observed to reverse (i.e. the
tissue thinned) when the tissue was re-warmed (temperature rever-
sal). Subsequent in vitro corneal perfusion studies demonstrated
that temperature reversal still occurred in the absence of the corneal
epithelium, implicating active metabolically dependent processes in
the corneal endothelium as mediating corneal deturgescence.' Sub-
sequent studies demonstrated that transporters, located primarily in
the endothelial cell’s lateral cell membrane, effected the transport
of ions—principally sodium (NA*) and bicarbonate (HCO*)—out of
the stroma and into the aqueous humor. An osmotic gradient is
created and water is thus osmotically drawn from the stroma into
the aqueous humor." It is important to note that this osmotic gradi-
ent occurs only if the endothelial barrier is maintained. A transport
protein found to be essential to endothelial ‘pump function’ is Na*/
K*-ATPase (Fig. 7.5).*>*' Subsequently, the number and density of
Na*/K*-ATPase sites have also been quantified using [3H]-ouabain.*’
These studies have shown that approximately 3 million Na*/K*-
ATPase sites are present in the lateral membrane of a single endo-
thelial cell. This corresponds to an average pump site density of 4.4
trillion sites/mm” along the lateral plasma membrane wall of an
intact endothelium.” In rabbit corneas, studies have demonstrated
that only by 5-7 months of gestation does the density of Na*/K*-
ATPase sites increase to adult levels so that the cornea becomes
dehydrated and transparent.” Clinically, the metabolic pump of the
corneal endothelium can be assessed in vivo using pachymetry to
measure how quickly the corneal thickness recovers after being
purposefully swollen by wearing an oxygen-impermeable contact
lens. A number of factors are known to alter endothelial pump
function: pharmacologic inhibition of Na/K-ATPase (e.g. ouabain),
decreased temperature, lack of bicarbonate or carbonic anhydrase
inhibitors, and a chronic reduction in endothelial cell numbers from
mechanical injury, chemical injury, or disease states. Fortunately,
with regard to the latter, physiologic compensatory mechanisms
prevent corneal edema from occurring to a certain degree when
central endothelial cell densities are between 2000 and 750 cells/
mm?. This occurs by either increasing the activity of pump sites
already present, which requires more ATP production by the cell,
and/or by increasing the total number and density of pump sites
on the lateral membranes of endothelial cells (Fig. 7.6).”> A similar
phenomenon occurs in the proximal tubule cells of the human
kidney to adjust for an increased salt load. In Fuchs’ endothelial
dystrophy, for example, the cornea has been found to remain clear
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Figure 7.5. Diagram illustrating the opposing forces of the corneal
endothelial barrier and metabolic pump. When the leak rate equals
metabolic pump rate, the corneal stroma is 78% hydrated and the
corneal thickness is maintained. (From Waring GO, et al. The corneal
endothelium. Normal and pathologic structure and function.
Ophthalmology 1982; 89: 531 © Elsevier 1982.)

and of normal thickness despite having very low endothelial cell
counts and increased endothelial monolayer permeability to fluo-
rescein (5.30 X 107" cm/min).”" Apparently, this occurs because the
metabolic activity and density of the Na*/K* pump sites increase to
compensate for the increased permeability.”* The point at which
compensatory mechanisms appear to ultimately fail is when the
central endothelial cell density reaches 500 cells/mm” or less (range
of 750-250 cells/mm?) (Fig. 7.6).”*> At this low cell count, the per-
meability has greatly increased to such a point that the endothelial
cells, which are spread so thin, do not have enough room on their
lateral cell membranes for more metabolic pump sites and all the
current pumps are maximally active. Therefore, the metabolic pump
fails to balance the leak and corneal edema results. A summary
of the entire corneal endothelial cell transport system was most
recently reviewed by Bonanno.”

When the corneal endothelial barrier and metabolic pump are
functioning normally, the corneal stroma has a total Na* concentra-
tion of 179 mEq/L (134.4 mEq/L free and 44.6 mEq/L bound to
stromal PGs), while the aqueous humor has a total Na* concentra-
tion of 142.9 mEq/L (all free).”” Therefore, after accounting for
chloride activity and stromal imbibition pressure, an osmotic gradi-
ent of +30.4 mmHg exists causing water to diffuse from the stroma
to the aqueous humor (Fig. 7.7). Additionally, the corneal endothe-
lial cells contain high concentrations of carbonic anhydrase, which
forms HCO? (bicarbonate) from metabolic CO*". The HCO*" diffuses
down its concentration gradient into the extracellular space or
across the membrane to the aqueous humor via the CI//HCO®"
exchanger®® or through CI” (anion) channels.?** Bicarbonate can
also enter the cells via a Na*/HCO? co-transporter,’' and the intra-

cellular pH can be regulated, at least in part, by a basal Na"/H"
exchanger.’” Endothelial Cl” transport occurs through both trans-
porters and channels, with CI” entering the cell from the stroma via
a basal Na*/K*/2CI” transporter and the HCO’/Cl” exchanger, and
exiting into the aqueous humor via apical anion channels.’'"*?

ENDOTHELIAL CELL BASEMENT
MEMBRANE AND GLYCOCALYX

A secondary function of endothelium is its ability to secrete an
extracellular matrix. The secreted and deposited extracellular matrix
along the basal surface of the endothelium forms Descemet’s mem-
brane (Fig. 7.1, B) and is essentially a life-long accumulated base-
ment membrane of the endothelial cells. Although some collagen
fibrils from the posterior stroma are embedded in the Descemet’s
membrane, it really has no major junctional or adhesional com-
plexes to the posterior stroma other than a small 0.5 um thick layer
of fibronectin. Descemet’s membrane is highly elastic and relatively
strong since it is primarily composed of collagen (type IV and VIII)
and glycoproteins (fibronectin, laminin, thrombospondin). At birth,
it averages 4 um thick. On electron microscopy, the fetal Descemet’s
membrane is composed of many wide-spaced, 110-nm banded col-
lagen fibrils.>* After birth, collagen is gradually added to this initial
fetal layer throughout life, being notably different from the fetal
layer as it is nonbanded and contains small diameter collagen fibrils
that arrange into a lattice matrix.>* Typically, the Descemet’s mem-
brane at the end of a normal human lifespan (75-80 years of age)
measures around 10-15 pum thick (4-pum thick banded layer and a
6-11-um thick nonbanded layer). With disease (e.g. Fuchs’ dystro-
phy) or injury (e.g. trauma or surgery), the Descemet’s membrane
may become focally or diffusely thicker than normal from abnormal
collagen deposition. This newly deposited abnormal collagen is
called the posterior collagenous layer of the Descemet’s membrane
and is classified into one of three types: banded, fibrillar, or fibro-
cellular.*® Presumably, this posterior collagenous layer is deposited
because endothelial cells become stressed. Finally, the endothelium
is also known to secrete a 0.72 £ 0.02 um (mean * SE) thick glyco-
calyx layer on its apical surface (Fig. 7.8).” Functionally, the gly-
cocalyx layer appears to protect the endothelium, particularly in
regard to anterior segment surgery.

WOUND HEALING

Because the primary role of the corneal endothelium is to maintain
proper stromal hydration, the recovery of an intact and functional
endothelial cell monolayer is essential to the maintenance of corneal
transparency. As mentioned previously, corneal endothelial wound
healing occurs predominantly by cell migration and enlargement
rather than by cellular proliferation because of in vivo mitotic qui-
escent mechanisms.” Thus, injury to the central endothelium results
in decreased cell densities, both in the central and the peripheral
cornea.’*® The percentage of endothelial cells that are hexagonal
(pleomorphism) is reduced (normal is >50%) and the coefficient of
variation in cell size (polymegathism) is increased (normal is less
than 4509%).>® In the rabbit, where wound healing is accompanied
by both endothelial cell migration and near complete cellular recon-
stitution (i.e. proliferation), these parameters shift toward preopera-
tive values during the time course of wound healing. In cat corneas,
where minimal cell division occurs following endothelial wounding,
cell density remains depressed; a similar situation occurs in the
human cornea.
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Figure 7.6. Diagram (A) and graph (B) illustrating the relationship between central endothelial cell density, barrier function, pump sites, and
pachymetry. Note that the number of pump sites are not all maximally used in the normal state (5000-2000 cells/mm?). With increased leaking
(2000-750 cells/mm?), there is an adaptive phase in which the endothelial cells can maximally use all the pump sites or form more pump sites
to offset the leak up to a point. When the surface area of the lateral membranes of endothelial cells progressively becomes too small

(750-0 cells/mm?), these adaptations max out and eventually decline. The point where endothelial cell pump site adaptations crosses
permeability (500 cells/mm?) is typically when corneal decompensation occurs. (From Dawson DG, et al. Physiology of the eye and visual
system: cornea and sclera. In: Duane’s Foundation of Clinical Ophthalmology on CD-ROM. 2006; vol. 2c. 4: 1-76.)
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Figure 7.7. Diagram illustrating the total transendothelial osmotic
force due to Na* activity, CI~ activity, and imbibition pressure. Although
the Na* activity within the aqueous humor is greater than that within
the stroma (142.9 vs 134.4 mEg/L, p < 0.05), using a reflection
coefficient of 0.6, the calculated osmotic force due to Na* is

98.5 mmHg. Similar calculations for CI- and imbibition pressure result
in osmotic forces of —8.1 and —-60 mmHg, respectively. The sum of
these forces results in a total osmotic force of +30.4 mmHg, which
ultimately results in deturgescence of the cornea. (From Stiemke MM,
et al. Na" activity in the aqueous humor and corneal stroma of the
rabbit. J Exp Eye Res 1992; 55: 425-433 with permission from
Elsevier.)

Figure 7.8. Transmission electron micrograph (x7300) using a special
mucin preserving stain (2.5% glutaraldehyde with 0.1 M sodium
cacodylate HCI and 0.5% cetylpyridinium chloride) demonstrates the
natural 0.72 um thick glycocalyx layer covering the apical surface of
human endothelial cells. (From Deepta Ghate, MD.)

Several studies have examined endothelial cell function following
wound healing. Yee and co-workers examined the permeability
characteristics of the endothelium over the time course of wound
healing, while incorporating a ouabain binding analysis to quanti-
tate endothelial Na'/K* ATPase pump site densities.’® Based on these
studies, it was concluded that the rabbit corneal endothelium fol-
lowing a transcorneal freeze injury heals in three stages. Stage one
(0-3 days) is characterized by an initial coverage of the wound by
pleomorphic spindle-shaped cells that form a functional, but incom-
plete barrier that have minimal pump site densities. In stage two
(4-7 days), the endothelial cells assume a flattened configuration,
have an irregular polygonal shape, and establish normal pump site
density and barrier function. During this stage, corneal thickness
was observed to show its most rapid rate of normalization. Stage
three (8-30 days) is characterized by a remodeling of the endothelial
cell monolayer. During the final stages of wound healing, cell rear-

rangement can occur (exchange of neighbors among cells by sliding
past one another).

Endothelial wound healing in the cat cornea is slower and less
complete in terms of returning to preoperative values than rabbits.
Ling and co-workers found that removal of the central 6 mm of cat
corneal endothelium resulted in stromal swelling that returned to
preoperative values only by 35 days after wounding.*® Central
endothelial cell density decreased 25% at 4 weeks after wounding,
and the coefficient of variation increased to 60%. In a separate
study, it was found that permanent stromal swelling occurred in
the cat when cell density was reduced to below 40-45% of control
values.*

Human corneal endothelium appears to heal even slower and to
a less complete extent compared to that of both the cat and rabbit.
With aging, the number of replication-competent endothelial cells
decreases and the number of senescent cells increases, particularly
in the center of the cornea.’ It is hypothesized that this increased
central cellular senescence explains why age-related endothelial cell
disease is primarily found in humans. Fortunately, humans can also
tolerate more total cell loss than animals as chronic stromal swelling
only occurs when cell density is reduced around approximately 80%
of normal.

CORNEAL EDEMA

The Donnan effect states that the swelling pressure in a charged
gel, like the corneal stroma, results from ionic imbalances. The fixed
negative, or anionic, charges on corneal stromal proteoglycan GAG
side-chains (one carboxylic acid and one sulfate ester side chain
per disaccharide repeat on a dermatan sulfate GAG polymer, and
one or two sulfate ester side chains per disaccharide repeat on a
keratan sulfate GAG polymer) have a central role in this effect. The
anti-parallel GAG duplexes (tertiary structure) produce long-range
electrostatic repulsive forces that induce an expansive force termed
swelling pressure (SP). Because the corneal stroma also has cohesive
and tensile strengths that resist expansion, the normal SP of the
non-edematous corneal stroma is around 55 mmHg.*"** If the
stroma is further compressed (e.g. increasing IOP or mechanical
applanation) or expanded (e.g. corneal edema), the SP will corre-
spondingly increase or decrease. Conversely, the negatively charged
GAG side-chains also form a double-folded helix in aqueous solu-
tion (secondary structure) that attracts and binds Na* cations, which
results in an osmotic effect leading to the diffusion and subsequent
absorption of water by proteoglycans via bound Na* cations. Thus,
the central corneal thickness is maintained around its average value
of 540 to 550 um (based on ultrasound pachymetry) because the
fixed negatively charged proteoglycans induce a constant swelling
pressure through anionic repulsive forces, and because the hydra-
tion level of corneal stroma is constantly maintained at 78% water
because corneal stromal proteoglycans imbibe water through cat-
ionic attractive forces.” Under normal circumstances, the negative
pressure drawing fluid into the cornea, called the imbibition pres-
sure (IP) of the corneal stroma, is approximately —40 mmHg.** This
implies that the negative charges on corneal proteoglycans are only
about one-quarter (~27 %) saturated, or bound, with Na* and water,
and that the remaining unbound proportion is still available to bind
more Na' and absorb more water if given either a compromised
endothelium or epithelium, or both. Normally, the highly imperme-
able epithelium and mildly impermeable endothelium keep the dif-
fusion of electrolytes and fluid flow in the stroma to such a low
level (resistance to diffusion of electrolytes and fluid flow = epithe-
lium (2000) >> endothelium (10) > stroma (1)) that the endothelial



cell metabolic pump can maintain stromal hydration in the normal
range of 78%. Although IP = SP when corneas are in the ex vivo
state, IP is actually lower than SP in the in vivo state because of
the hydrostatic pressure induced by intraocular pressure (IOP),
which now must be accounted for. This is best represented by the
equation IP = IOP — SP* and explains why the hydration level of a
patient’s cornea is not only dependent on having normal barrier
functions, but also on having a normal IOP. Therefore, a loss of
corneal barrier function, an IOP =55 mmHg, or a combination of
the two results in corneal edema.”

Corneal edema is a term often used loosely and nonspecifically
by clinicians, but literally refers to a cornea that is more hydrated
than normal, or >78% water. The topic of corneal edema is impor-
tant for clinicians to understand because it affects the architecture
and function of the corneal epithelium and stroma. Epithelial edema
clinically causes a hazy microcystic appearance to occur in the
epithelium in mild to moderate cases, significantly decreasing vision
and increasing glare. It also can cause the development of large
painful, sub-epithelial bullae in severe cases. These changes corre-
late histopathologically with hydropic basal epithelial cell degen-
erative changes and the development of extracellular subepithelial
fluid filled spaces (e.g. cysts and bullae). Interestingly, if bullae are
chronically present, a fibrocollagenous degenerative pannus often
times will form in the subepithelial space, decreasing vision further
but markedly reducing the pain. In comparison, corneal stromal
edema clinically appears as a painless, hazy, thickening of the
corneal stroma, resulting in a mild to moderate reduction in visual
acuity and an increase in glare. At the same time, Descemet’s mem-
brane folds commonly appear on the posterior surface of the cornea.
Histopathologically, these changes correlate with the light micro-
scopic findings of thickening of the corneal stroma in the posterior
cross-sectional direction with loss of the normally present artifacte-
ous stromal clefting.*® Ultrastructural and biochemical studies have
further shown that stromal edema causes an increase in the distance
and disruption of spatial order between collagen fibrils,*” a decrease
in the refractive index of the extracellular matrix,* hydropic degen-
erative changes or cell lysis in the resident keratocyte population,”®
and a loss of proteoglycans.” Although various proportions of the
two types of negatively charged proteoglycan may account for the
higher hydration levels in the posterior stroma compared to
the anterior stroma,”®®' it appears that the directional orientation
of the collagen fibrils and degree of lamellar interweaving has the
greatest influence on the amount of regional stromal thickening, or
swelling, as a result of increased hydration levels. Because the col-
lagenous architecture of the corneal stroma (i.e. limbus to limbus
directional orientation of collagen fibrils) highly resists circumfer-
ential expansion, only anterior-posterior expansion occurs in the
human cornea, mostly in the posterior direction. This occurs because
most of the collagen fibrils in the anterior third of the corneal
stroma are obliquely oriented and, perhaps most importantly, exten-
sive lamellar interweaving occurs in the anterior third of the corneal
stroma, whereas weak bridging filaments (i.e. type VI and FACIT
collagens) occur diffusely throughout the entire corneal stroma.
Furthermore, the lamellar interweaving explains why the anterior
third of the cornea mildly swells and actually maintains the anterior
corneal curvature even when the remaining stroma swells up to
three times its normal thickness.”® Because fibrotic corneal scars
have random directionally oriented collagen fibrils, they also have
been found to resist swelling under edematous conditions.*

Therefore, although it is commonly stated that corneal thickness
and interfibrillar spacing increase in a linear fashion to the hydra-
tion level of the corneal stroma,***® one needs to know that this
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Figure 7.9. Diagram demonstrating the delicate balance between
stromal swelling pressure, endothelial pump function, and intraocular
pressure. Usually if endothelial cell pump function fails and IOP
remains normal, both stromal and epithelial edema occurs (lower left).
Only when IOP increases above the swelling pressure of the stroma
and the endothelium functions normally do we see epithelial cell
edema alone (upper right) and only when IOP is zero and the
endothelium functions abnormally do we see stromal edema alone
(lower right). (From Hatton MP, et al. Corneal oedema in ocular
hypotony. Exp Eye Res 2004; 78: 549-552 with permission from
Elsevier.)

relationship mainly applies to the posterior two-thirds of the corneal
stroma. Finally, while both epithelial and stromal edema commonly
co-exist together, there are two notable exceptions. As the epithe-
lium lacks fixed negatively charged proteoglycans and has much
weaker cohesive and tensile strength values than the corneal stroma,
its state of hydration is mainly dictated by IOP levels.”®> Conversely,
because collagen fibrils in corneal stroma are anchored at the
limbus for 360°, they exert increasing or decreasing cohesive
strength on the corneal stroma (i.e. compression of stromal tissue)
as the IOP elevates above or decreases below normal, respectively.
This results in the transmission of stromal edema to the epithelial
surface in cases of high IOP or to the stroma in cases of low IOP.
Therefore, if IOP is 255 mmHg with normal endothelial barrier and
pump function, epithelial edema usually occurs by itself, or if
endothelial cell dysfunction and hypotony (IOP ~0 mmHg) occur
together, then stromal edema occurs alone (Fig. 7.9).

INJURY

There are many exogenous stresses that could potentially damage
the corneal endothelium over a person’s lifetime (Fig. 7.10). Perhaps
the most common interventions that might stress a person’s cornea
are contact lens wear, excimer laser-based keratorefractive surgery
(LASIK, PRK), and intraocular surgery (cataract surgery, refractive
IOL surgery, corneal transplantation).

CONTACT LENSES

Contact lens wear does not cause loss of endothelial cell density,
but it can cause acute reversible corneal edema and can also poten-
tially cause chronic signs of endothelial cell stress (increased poly-
megathism and decreased pleomorphism).>** The corneal endothelium
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Figure 7.10. Graph demonstrating the normal decrease in endothelial
cell density that occurs with aging. Located along the line graph are
major endothelial cell stressors that commonly may occur in a
person’s lifetime, which may decrease the cell density loss greater
than normal.

utilizes the same carbohydrate metabolic pathways as the corneal
epithelium. However, the transport function of the endothelial cell
requires oxidative activity that is five to six times that of epithelial
cell.”> Atmospheric oxygen is the primary source of oxygen to the
endothelium. Interruption of this oxygen supply by low oxygen
transmissibility contact lenses or a low oxygen environment will
result in a shift to anaerobic metabolism, a concurrent increase in
stromal lactic acid and CO,, and a drop in stromal pH.*® In addition,
hypoxia can stimulate epithelial production of 12(R)HETE, a potent
inhibitor of the endothelial Na*/K* ATPase.””*® Acute reversible
clinical changes observed with hypoxia include stromal swelling,
endothelial dysfunction, and endothelial blebbing. Chronic hypoxia
can eventually lead to irreversible endothelial polymegathism and
pleomorphism. In fact, Polse and co-workers have shown that
chronic corneal hypoxia in humans alters the endothelium’s ability
to reverse induced swelling.”

SURGICAL INJURY

Excimer laser-based keratorefractive surgery has been found to
induce acute, temporary endothelial cell stress (increased polymega-
thism and decreased pleomorphism) and loss of barrier function if
performed on a cornea with a residual corneal thickness of 200 pum,
presumably because of the shockwave produced by the laser abla-
tion.” Otherwise, no long-term endothelial cell effects have been
linked to laser refractive surgery.’

By comparison, all intraocular surgeries have been found to cause
varying degrees of both acute and, more importantly, long-term
damage to corneal endothelium. Modern small incision cataract
surgery (Kelman phacoemulsification (KPE) + various foldable IOLs)
is the preferred technique in the USA, Europe, and other more
developed countries as randomized studies have shown that it
results in better clinical outcomes compared to larger incision tech-
niques, like extracapsular cataract extraction.** However, KPE does
cause significant endothelial cell injury due to a number of factors,
such as corneal distortion, ricocheting of nuclear fragments, intra-
ocular lens or intraocular instrument contact, and release of free
radicals.®’ A recent randomized controlled trial showed that KPE
caused an exponential reduction in central endothelial cell density
up to 1 year after surgery with endothelial cell density loss averag-
ing 10.5%.°" However, no significant changes in polymegathism or

pleomorphism were found.®' This fast component period of cell loss
is statistically similar to that observed following extracapsular
cataract extraction (ECCE), another common alternative technique
used for performing cataract surgery (particularly in third world
countries), which results in a 9.1% reduction in endothelial cell
density at 1 year after surgery.®' Capsule rupture with vitreous loss,
hard cataracts, and age at the time of surgery are factors that have
been shown to significantly increase endothelial cell loss rates (Fig.
7.10).°" Long-term slow component cell loss data is currently
unknown for KPE, whereas ECCE data shows that a 2.5% per year
linear rate of cell loss occurs from 1 to 10 years after surgery.”**5"
Recent data on the two phakic refractive IOL procedures commer-
cially available in the USA, Verisyse (Ophthec, distributed by
Advanced Medical Optics) and the foldable Visian ICL (Staar Surgi-
cal), show less acute component damage than standard cataract
surgery (Verisyse causes around 7% cell density loss and Visian ICL
around 3% cell density loss at 1 year after surgery).®* However, just
like with ECCE, a chronic, slow component that is four- to nine-fold
higher than normal cell loss has been observed over a 5-year post-
operative time point (Verisyse causes on average 2.7% cell density
loss per year and Visian ICL 2.5% cell density loss per year between
1 and 5 years after surgery).”

Corneal transplantation surgery, or penetrating keratoplasties
(PK), has been found to cause the greatest long-term decrease in
central endothelial cell densities of all the commonly performed
intraocular anterior segment surgical procedures (Fig. 7.11), perhaps
because of the peripheral loss of stem-like cells or the loss of the
peripheral storage zone of higher cell densities.®® Long-term longi-
tudinal studies up to 20 years after surgery show that endothelial
cell loss after corneal transplantation occurs in two phases: a fast
and a slow component.®® During the fast component, the central
endothelial cell density decreases exponentially with 36.7% cell loss
at 1 year and 8.4% cell loss per year up to 5 years after surgery.®
Thereafter, a slow component occurs where central endothelial cell
density decreases at a linear steady rate of 4.29% per year.*® Concur-
rently, polymegathism gradually increases and pleomorphism grad-
ually decreases throughout the longitudinal follow-up period. Over
the last 9 years, corneal transplantation surgical procedures have
significantly changed the way most clinicians manage corneal
endothelial cell disorders as posterior lamellar keratoplasty tech-
niques have evolved to selectively replace the corneal endothelium.
Posterior lamellar keratoplasty (PLK), deep lamellar endothelial
keratoplasty (DLEK), Descemet’s stripping endothelial keratoplasty
(DSEK), and Descemet’s membrane endothelial keratoplasty (DMEK)
are the current options in this group of surgeries being performed
to date.*®®” Currently, the simplest and most effective technique is
DSEK surgery, which seems to be preferred by patients compared
to more traditional full-thickness PK surgery.®®*® It is important to
mention that the preferred approach of DSEK may be supplanted
soon by another technique, so this chapter may not be up to date
by the time it is published. Despite this possibility, one of the major
concerns with DSEK surgery, probably second only to the high
dislocation rate found with this surgery, is how the endothelium
survives long term in these grafts. The fact that surgeons commonly
fold the DSEK grafts and insert them through small incisions using
various grasping forceps, and that air is used to keep the graft in
place for 1 hour to 1-2 days in duration after the surgery would
make one think that it damages the corneal endothelium much more
than routine PK surgery (Fig. 7.12). In fact, many posters studying
corneal endothelial cell loss after foldable posterior lamellar kera-
toplasty techniques including DSEK surgery at the 2006 and 2007
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Figure 7.11. Slit-lamp photograph (A) and specular micrograph (B) of
one of Dr Castroviejo’s patients 42 years after his square penetrating
keratoplasty surgery. The central endothelial cell density is 1189, CV

is 34, and the percentage of hexagons is 50.

ARVO meetings showed greater rates of cell loss than that observed
after penetrating keratoplasty.”””> A recent published study from
one experienced surgeon’s practice also supports this as the acute
endothelial cell density decrease one year after DSEK was 40%.”*

Finally, there are other surgical adjuvants or new procedures on
the horizon that could affect the corneal endothelium. The surgical
adjuvant that is most concerning is that of topical mitomycin C
(MMC), which is applied after excimer laser-based keratorefractive
surface surgery to prevent or treat subepithelial scarring. Currently,
there appears to be no evidence of endothelial cell toxicity if a
single local application of MMC is used at a concentration of
0.02-0.002% for an exposure duration of 12's to 2 min.”>’® The
newest procedure that is most concerning is that of corneal collagen
crosslinking with riboflavin and UVA light, which is one of the
most promising treatment options for corneal ectasia. Currently, no
evidence of endothelial cell damage has been found, but most of
the studies to date are only preliminary, small in number, and are
under strict research protocols.”

PHARMACOLOGIC TOXICITY

In addition to surgical injury, the corneal endothelium can also be
influenced by pharmacologic toxicity.”’® Past studies that helped

Figure 7.12. A, Flat mount of an 8-mm diameter DSEK graft stained
with 1% Alizarin red after trephination, viscoelastic placement on the
endothelium with subsequent folding and insertion through a 5-mm
wound using MacPherson forceps into an eye bank globe. Notice that
40% of endothelial cells were acutely damaged (lighter red) from this
manipulation. In our experiments, the range of endothelial cell death
was 30-70% using this identical DSEK insertion technique. B,
Specular photomicrograph (x250) showing air bubble damage to the
human corneal endothelium, which was mounted in an in vitro
specular microscope and the endothelium was perfused with BSS
Plus. The damaged area (dark area) from the air bubble shows a ring
of endothelial damage. This bubble damage can occur within minutes.

guide the development of intraocular irrigating solutions found that
the best solutions were those that were most similar to aqueous
humor in composition (Table 7.2). BSS Plus (Alcon Laboratories, Ft
Worth, TX, USA) is currently the most physiologically compatible
intraocular irrigants for intraocular surgery. BSS is probably the
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Table 7.2 Composition of agueous humor compared to
various intraocular irrigating solutions
Ingredient Human aqueous  BSS Plus  BSS
humor
Sodium 162.9 160.0 1565.7
Potassium 2.2-3.9 5.0 10.1
Calcium 1.8 1.0 3.3
Magnesium 1.1 1.0 1.5
Chloride 131.6 130.0 128.9
Bicarbonate 20.15 25.0 —
Phosphate 0.62 3.0 —
Lactate 2.5-4.5 — —
Glucose 2.7-3.7 5.0 —
Ascorbate 1.06 — —
Glutathione 0.002-0.010 0.3 —_
Citrate — — 5.8
Acetate — — 28.6
pH 7.38 7.6 7.4
Osmolarity (mOsm) 304 305 298
Protein 0.135-0.237 — —

2 All concentrations are expressed in millimoles per liter or millequivalents
per liter of solution.

next best alternative. Overall, it became apparent that the main
ingredients needed in intraocular solutions to be biologically com-
patible are essential ions, glucose as an energy source, bicarbonate
as a buffer, and glutathione. It was also found during this time
period of studying ophthalmic irrigants that intraocular tissues,
particularly the corneal endothelium, had a relatively narrow physi-
ologic range with which it stays healthy—a pH between 6.7 to 8.1
and an osmolality between 270 and 350 mOsm. Furthermore, any
medications used intraocularly need to be at a nontoxic concentra-
tion and to contain no preservatives.

Pharmacologic toxicity to the anterior segment tissues of the eye,
including the corneal endothelium, has recently become better
understood through the discovery of a condition known as toxic
anterior segment syndrome (TASS).”® TASS is a sterile postoperative
inflammatory reaction caused by a noninfectious substance that
enters the anterior segment, resulting in toxic damage to intraocular
tissues (i.e. cells and extracellular matrix). Most severe cases result
in a 50% loss of central endothelial cell density or more. The process
typically starts 12-48 h after cataract or anterior segment surgery,
is limited to the anterior segment of the eye, is always Gram stain
and culture negative, and usually improves with steroid treatment.
The primary differential diagnosis is infectious endophthalmitis.
Review of the literature indicates that possible causes of TASS
include intraocular solutions with an inappropriate chemical com-
position, concentration, pH, or osmolality; preservatives; denatured
ophthalmic viscosurgical devices; enzymatic detergents; bacterial
endotoxin; oxidized metal deposits and residues; and factors related
to intraocular lenses such as residues from polishing or sterilizing
compounds (Table 7.3).”® Therefore, as TASS is an environmental

Table 7.3 Causes of toxic anterior segment syndrome

1) Irrigating solutions or viscoelastic devices
¢ Incomplete chemical composition
¢ Incorrect pH (<6.7 or >8.1)
¢ Incorrect osmolality (<270 mOsm or >350 mOsm)
¢ Preservatives or additives (e.g. antibiotics, dilating
medications)

2) Ophthalmic instrument contaminants
e Detergent residues (ultrasonic, soaps, enzymatic cleaners)
e Bacterial LPS or other endotoxin residues
e Metal ion residues (copper and iron)
e Denatured viscoelastics?

3) Ocular medications
e Incorrect drug concentration
e Incorrect pH (<6.7 or >8.1)
e Incorrect osmolality (<270 mOsm or >350 mOsm)
¢ Vehicle with wrong pH or osmolality
e Preservatives in medication solution

4) Contaminated water sources

e Water baths

e Autoclave reservoirs

e Non-sterile or non-pyrogen-free water
5) Intraocular lenses

e Polishing compounds
e Cleaning and sterilizing compounds

and toxic control issue, it has made anterior segment surgeons and
surgical staff more aware that the health of the corneal endothelium
requires a thorough understanding of all medications and fluids
used during surgery. Additionally, it has helped all involved in
intraocular surgery understand the importance of proper cleaning
and sterilization of intraocular instruments since most cases of
TASS appear to be directly caused by retained detergents or con-
taminated water sources.

In summary, although born with a substantial reserve of extra
corneal endothelial cells for maintenance of normal corneal hydra-
tion and function, normal growth, development, and aging to an
average lifespan of 75-80 years of age reduces one’s endothelial
cell numbers on average by 50%. Compounded to this normal
decline are other exogenous stressors that could potentially damage
the endothelial monolayer further so that it reaches another 80%
reduction in cell numbers, which is the level (central cell density of
500 cells/mm?) associated with the development of corneal edema
and loss of transparency. Perhaps the most concerning of these
stressors are trauma, infections, keratoplasty procedures, intraocular
surgery when very young in age, and TASS.
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PART 2: Testing and measuring corneal function

The keratometer in the diagnosis of
corneal disease

Peter C. Donshik, William Ehlers

The keratometer, or ophthalmometer, is not a new instrument. Since
it was first developed by Herman von Helmholtz in 1854, significant
improvements have been made. Today, several companies manu-
facture these machines, such as the Haag-Streit Ophthalmometer
(Lagomarsino Medical, Inc, Ft Lauderdale, FL), the keratometer from
Bausch € Lomb (Buffalo, NY), and the CLC Ophthalmometer by A
0 Reichert Scientific Instruments (Buffalo, NY). In addition, over the
last few years the keratometer has been automated. The nomencla-
ture associated with this instrument is confusing. Helmholtz used
the term ‘ophthalmometer’, which is the generic name for this
instrument. However, this term is not accurate because it implies a
measurement of the entire eye, not just the cornea. Bausch & Lomb
introduced the term ‘keratometer’ as its trade name for the instru-
ment that was designed to measure the curvature of the central
cornea, and it is the term most commonly used today.'

The keratometer measures the central 2-4 mm of the anterior
curvature of the cornea, commonly referred to as the corneal cap.
The measurements, known as K readings, are expressed in either
diopters or millimeters of radius. From an optical perspective, the
cornea is similar to a convex mirror. The mires of the keratometer
form an image that is reflected from the anterior corneal surface.
This image is virtual, small, and erect. Using equations based
on the theory of reflection from a convex mirror, one can determine
the radius of curvature of this anterior corneal surface. By aligning
the mires of the keratometer, which are the targets that are reflected
from the anterior corneal surface, one obtains the K readings in
both the flat and steep meridians of the cornea.” This gives an
objective measurement of the corneal astigmatism and power. The
target image differs depending on which keratometer is used.

TYPES OF KERATOMETERS

With the Bausch & Lomb keratometer, the operator sees three
reflected images, or mires, each consisting of a circle with a plus
sign at the 3 o’clock and 9 o’clock positions, and a minus sign at
the 12 o’clock and 6 o’clock positions (Fig. 8.1). The lower right-
hand circle is the ‘central’ circle, which is the image of the reflected
mires from the cornea. The image is reflected from approximately
the central 3.2 mm of the cornea. However, this can range from 2.6

to 3.7 mm, depending on the steepness or flatness of corneal cur-
vature.' This reading represents the distance between the two reflec-
tive points that the keratometer is measuring from the corneal
surface. The assumption is that the curvature between these two
points is spherical. This is not always the case and can lead to errors
in measuring the corneal surface. However, the quality of the image
that one obtains can also identify a steep or flat cornea. For
example, a steep cornea gives a smaller image than a flat cornea.
With the Haag-Streit keratometer, there are two images of different
colors with a horizontal line through their centers (Fig. 8.2). Multi-
ple steps are required to obtain the K readings. The operator aligns
the two front surfaces of each image in first horizontal and then
the vertical meridians to obtain the K readings of the corneal
surface. Likewise, the operator can also obtain information about
the corneal surface from the quality of the boxes and the mires.
The boxes will be somewhat smaller in a very steep cornea and
larger in a flat cornea. In the last 20 years, several intraoperative
keratometers have been developed. The main rational for the devel-
opment of these instruments was to help control surgically induced
astigmatism during cataract and corneal transplant surgery.
Although some are still available and may be helpful during corneal
transplant surgery, the popularity of small incision cataract surgery,
with minimal surgically induced astigmatism, has obviated the need
for these devices.

USING THE KERATOMETER

The keratometer is very helpful in identifying and verifying corneal
astigmatism. The difference between the measurements of the
horizontal and vertical meridians indicates the amount of regular
corneal astigmatism. In the presence of regular astigmatism, the
plus and minus mires of the Bausch & Lomb, or the horizontal and
vertical mires of the Haag-Streit, easily align themselves in the
vertical and horizontal meridians. If the flattest meridian is within
30° of 180°, then the corneal astigmatism is considered to be with
the rule, whereas if the flattest meridian is 30° of 90°, then the
corneal astigmatism is against the rule. In the presence of irregular
astigmatism, the operator, using the Bausch & Lomb kerato-
meter, is unable to align the horizontal and vertical meridians
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Figure 8.1. The reflected images (mires) of the Bausch & Lomb
keratometer.

0

Figure 8.2. The Haag-Streit keratometer showing the two images with
horizontal lines through the center.

simultaneously. With the Haag-Streit keratometer, the alignment of
the front surfaces of the two images is slightly ajar. As the irregular
astigmatism increases, the operator sees distortion of the boxes and
has greater difficulty in aligning the flat surfaces of each of the
target boxes. This instrument is very sensitive and can detect the
slightest presence of irregular astigmatism. The ability to detect
minimal amounts of irregular astigmatism may be very important
in the evaluation of the refractive surgical patient. In keratoconus,
a lack of parallelism of the mires of the Haag-Streit keratometer
with distortion of the size of the two box images is seen (Fig. 8.3).
With the Bausch & Lomb keratometer, there is an inability to line
up the plus and minus mires (Fig. 8.4). Also, the plus mires may
jump from one side to the other when alignment is attempted (Fig.
8.5), and often the circles can be irregular or blurry.?

Figure 8.3. The Haag-Streit keratometer showing irregular
astigmatism with the inability to line up the two image boxes. (From
Leibowitz HM. Corneal Disorders: Clinical Diagnosis and
Management. Philadelphia: WB Saunders; 1984. © Elsevier 1984.)

Figure 8.4. Inability to align the plus and minus mires with the
Bausch & Lomb keratometer in keratoconus. (From Leibowitz HM.

Corneal Disorders: Clinical Diagnosis and Management. Philadelphia:
WB Saunders; 1984. © Elsevier 1984.)

In patients with tear film deficiency, the practitioner can see
abnormalities on the corneal surface.® The mires of the keratometer
become distorted as dry spots occur on the corneal surface. Imme-
diately after the blink, the mires are sharp, but as the tears begin
to break up, the mires are distorted. In patients with dry eye who
have rapid breakup of the tear film, one can easily visualize this
irregularity during the course of obtaining the K readings of the
cornea. The amount of mire distortion is a good measure of the
severity of the corneal surface. The keratometer is invaluable in
the fitting of contact lenses.” It helps the contact lens fitter to decide
on the appropriate back and central optical radius of the contact
lens, to monitor changes in the central cornea with contact lens
wear, to evaluate the quality of the soft contact lens front surface,
and to check the radii of curvature of the contact lens before dis-
pensing it to the patient. In both soft and rigid contact lens fitting,
the keratometer provides baseline information on the corneal cur-
vature. The practitioner can then determine by repeated keratometry
studies whether the contact lens, either soft or rigid, is affecting the
corneal curvature or causing corneal molding.> With rigid contact
lens fitting, the keratometry readings obtained provide a starting
point for determining the base curve of the rigid lens that is appli-
cable to that patient’s cornea. In soft contact lens fitting, keratom-



Figure 8.5. The plus mire jumping from each side as the operator
tries to align the plus mires of each of the two circles. (From Leibowitz

HM. Corneal Disorders: Clinical Diagnosis and Management.
Philadelphia: WB Saunders; 1984. © Elsevier 1984.)

etry can demonstrate the corneal surface characteristics of the soft
lens by the quality and stability of the mires.?

When observing patients with both soft and rigid contact lenses,
comparisons of keratometry readings made on successive visits
provide valuable means of detecting corneal changes secondary to
the contact lens. If the contact lens is deforming the cornea, then
the mire images will be distorted. This can vary from mild distor-
tions, as in irregular astigmatism, to severe distortion, as in kera-
toconus. Keratometry taken on the front surface of a soft contact
lens can reveal the quality of the contact lens surface. If the contact
lens becomes coated, mire images will appear indistinct. In refrac-
tive surgery, the keratometry is helpful in the pre-evaluation in
determining the presence of irregular astigmatism. The K readings
are important in determining keratome selection and settings. Pre-
operative keratometric readings are often used to predict the
expected corneal curvature following the refractive procedure.
While the acceptable range of postoperative corneal curvature
values will vary from surgeon to surgeon, most refractive surgeons
feel comfortable with a postoperative corneal curvature between 38
and 50 D. Outside this range abnormalities in the cornea’s optical
performance can degrade visual results.

Studies have found that following refractive surgery the mean
subjective refraction decreased more than the mean corneal dioptic
power measured with either videokeratoscope or manual keratom-
etry.® The central corneal power as measured by the keratometer as
well as by video keratoscopes is thus erroneously higher than the
actual central corneal power.”® This can have an adverse effect on
the determination of IOL power when cataract surgery is considered.
Various formulas and methods have been developed to improve the
accuracy of I0L power calculation in postrefractive patients.*’

LIMITATIONS

There are limitations of the keratometer of which one must be
aware. The keratometer only measures a small area of the cornea,

approximately 2.6-3.7 mm, and thus does not give an accurate
picture of the peripheral cornea. However, with certain adaptations,
such as the topogrameter or by having the patient look up, down,
or to the side, one can determine certain peripheral corneal values.'
In addition, it is important to understand that the measurements
obtained are taken along the visual axis, rather than the geometric
axis. The visual axis is usually nasal compared with the geometric
axis, and thus the curvature of the visual axis may be slightly flatter
compared with the geometric axis. If, in taking the measurement,
the eye rotates so that the mires do not have a perpendicular inci-
dent to the eye, abnormal readings of the corneal surface can be
obtained. Highly myopic corneas and highly astigmatic corneas can
yield incorrect values. However, in our experience, the amount of
astigmatism in the axis obtained with the keratometer is very
similar and consistent when compared with the computerized
topography studies available.

CONCLUSIONS

In summary, the keratometer is a relatively inexpensive instrument
that can easily be used by all eye care personnel. The operator can
verify the amount of corneal astigmatism present, can determine
whether the surface is regular or irregular, and can identify possible
abnormalities, such as dry eye surface characteristics. In addition,
it provides valuable information for contact lens fitting and follow-
up care. It is helpful in determining the presence of regular or
irregular astigmatism and the presence of corneal astigmatism and
residual astigmatism.

In the presence of more sophisticated computerized corneal
measuring instruments, the keratometer, even with its limitations,
still remains an instrument that is important for all eye care
practitioners.
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Corneal structure and function:
Placido-based corneal topography

Stephen D. Klyce,

Corneal topography analysis has become the standard of care for
the anterior segment specialist. Accurate analysis of corneal shape
has become particularly indispensable for refractive surgeons as a
method for preoperative screening, surgical planning, assessment
of surgical outcomes, detection and management of complications,
and the development and refinement of surgical techniques. Other
important applications are in the fields of contact lens fitting, evalu-
ation of intraocular surgery such as cataract surgery, postoperative
management of keratoplasty, and diagnosis as well as monitoring
of keratoconus and other corneal ectatic noninflammatory diseases.
This chapter reviews the basic concepts of Placido disk-based
corneal topography.

PRINCIPLES OF THE PLACIDO DISK
CORNEAL TOPOGRAPHER

Modern corneal topography was first developed using Placido disk
technology,' and this approach has been recognized as the most
widely accepted, used, and understood. The Placido target is a series
of concentric illuminated rings (mires) that are reflected by the
convex, mirror-like corneal surface and are imaged, along with the
cornea, by a video camera (Fig. 9.1). The number of mires projected
onto the cornea varies with the model; in general, closely spaced
mires with a large area of coverage are desirable. Close spacing with
a small diameter central mire will permit the highest spatial resolu-
tion; however, the more closely the mires are spaced, the sooner
will large corneal irregularities merge adjacent mires and make
analysis inaccurate. Since the detection of subtle surface distortions
is paramount for the early detection and diagnosis of corneal
pathology, the fine mire Placido disk may be optimal. Area of cov-
erage becomes important for contact lens fitting as many contact
lenses ride on the peripheral cornea. Good area coverage is also
needed to detect keratoconus when it involves the peripheral,
usually inferior, cornea. Variations in mire geometry are shown in
Figure 9.1.

The two-dimensional digital image of the eye with the reflected
mires is stored in computer memory and analyzed to reconstruct
the three-dimensional corneal shape. The size and distortion of ring
patterns are the basis for the calculation. The ring location relative

Tetsuro Oshika

to the center of the pattern determines radial distance, and the size
of rings and the spacing between rings determine the local radius
of curvature. Closely spaced rings indicate higher corneal powers,
and widely spaced rings represent lower powers. Corneal powers
are calculated for 6000-23 000 points with topography units. There
are several algorithms used for reconstructing corneal shape from
the mire positions; the arc-step method is generally agreed to be
the most accurate.

The dioptric power of the cornea is derived from the local radii
of curvature using one or more methods. Axial power is calculated
using a fixed center of curvature on the corneal topographer axis
for calculating the power at all points along semimeridians on the
corneal surface:

Poiar = (0" = 1) [ Togial (1)

where n” = 1.3375 (the keratometric index of refraction) and 7, is
the distance from the corneal surface to a point of intersection on
the corneal topographer axis. The n” is not a true refractive index
of the cornea, but an approximated index to yield the total corneal
power as a single refracting surface by compensating for the nega-
tive power of the posterior surface.

Axial power tends to have a spherical bias because each curvature
measured is referred to the optical axis. For aspherical surfaces, this
bias gives an accuracy better than 0.25 D in the central cornea, but
this can fall to 3 D in the periphery by comparison to ‘instantaneous
power.”

The ‘instantaneous power’ is calculated based on a floating center
of curvature by means of a standard mathematical method for
determining the local radius of curvature:

Pinst = (n, - 1)/nns1 [2)

where again, n’ = 1.3375 and r, is the radius of curvature for any
given point on the cornea. Calculations have less spherical bias
because curvature is calculated without reference to the reference
axis or the overall shape of the cornea. However, the method is
more sensitive to small measurement error than the axial power
calculation, which can introduce unwanted ‘noise’ artifact in the
color-coded map.
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Figure 9.1. Placido mire patterns differ among corneal topographers. The pattern generated by the fine mire cone projector of the Nidek
Magellan topographer is shown on the left, while the wide mire pattern made with the Nidek OPD-Scan is shown on the right.

For the central paraxial rays where the sagittal depth is approxi-
mately proportional to the curvature, paraxial power formulas can
be used. Outside the central region, however, the assumptions used
in Equations (1) and (2) are not necessarily valid.’ The appropriate
equation for the ‘refractive power (secondary focal point power)’
for the incoming parallel rays is given as:

P =nlf )
f=z+y/tan(6; -6, (4)

where fis the distance from the vertex normal to the secondary
focal point (where the refracted ray intersects the videokeratoscopic
axis) located in the image space, z is the dimension along the vid-
eokeratoscopic axis from the vertex normal to the surface point,
and 6; and 0, are the angles of incidence and refraction, respectively.
It should be noted that in order to successfully calculate corneal
power using the focal length method, the local shape or slope of
the cornea must be known beforehand in order to calculate the
angles of incidence and refraction.

No unanimous opinion has been reached regarding which of these
three methods is the best for displaying corneal power (Fig. 9.2).
The axial power formula produces inaccurate refractive power
values for peripheral portions of the cornea as it does not encompass
the effects of spherical aberration. However, the method does have
the advantage of providing maps that are very simple to interpret
for the clinician and values that are directly comparable to kera-
tometry. The instantaneous power formula attempts to offer a more
realistic representation of the peripheral corneal topography by
determining corneal power from the local slope. This method pro-
duces significantly better estimates of the peripheral corneal power
than the axial power formula. However, repeatability is less and
noise is greater than the axial power measurement, since the instan-
taneous value is a conversion from the axial value based on a
second derivative.*> The refractive power (secondary focal length
power) analysis is theoretically valid and provides realistic values

for corneal power in the periphery, but the refractive power map is
less familiar to clinicians and not easy to interpret. In addition,
although the refractive power map shows the residual corneal
spherical aberration in the periphery, it cannot show how much of
this is further compensated by the shape and the radial refractive
index gradients present in lens of the eye, since this information is
not available on a per patient basis unless aberrometry is simultane-
ously employed.

DISPLAY FORMAT

COLOR-CODED MAP: SCALING

The color-coded contour map of corneal surface power has been
adopted as a standard presentation scheme in corneal topography.®
The color-coded contour map markedly facilitates the viewer’s
interpretation through the association of power with color and
recognition of pathology with the patterns formed by the map
contours. Warm colors—red and orange—are used to represent rela-
tively higher powers (steeper curvatures), green and yellow are used
for powers associated with normal corneas, and cool colors—hues
of blue—are used to denote relatively lower powers (flatter curva-
tures). This concept, along with standard scales, provides an intui-
tive basis for the interpretation of corneal topography.

The use of a standardized and fixed color scale for routine clinical
examinations is important for consistent and correct evaluation of
corneal topography. Scales that adapt themselves to the range of
powers on an individual cornea can lead to confusion (Fig. 9.3). A
physiological asymmetry or astigmatism may be amplified by an
adaptable scale and possibly lead to misdiagnosis as pathological.
Alternatively, a cornea with substantial irregular astigmatism can
be made to look less abnormal with an adaptable scale.

Initially, a standardized absolute scale was proposed,® ranging
from 9.0 to 101.5 D with the central portion of the range in 1.5-D



)

Axial ~ nstantaneous

120 » 60

0 180 —

33DJ 210

Figure 9.2. Corneal topography displayed with different power calculation methods. Upper row is a normal cornea. Lower row is a cornea
following the LASIK procedure for the correction of myopia. Left-hand column uses the axial power method; central column uses the refractive
power calculation; while the right-hand column uses the ‘instantaneous power’ (also called tangential) calculation (see text for details). Note that
using the axial power method, both normal and LASIK cornea display the sense of corneal shape—the normal cornea is uniform in the center
and flattens toward the limbus; the LASIK treated cornea has been flattened in the center. Note the ‘red ring’ illustrated with the instantaneous
power method with the LASIK cornea. This is an example of the usefulness of that power method as the red ring (not seen with the axial
method) is known to be responsible for night vision complaints in some patients.
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Figure 9.3. Corneal topography scales that are fixed and of a proper dioptric interval are important to establish consistent interpretation. The
cornea illustrated above has a minor amount of asymmetry, but is otherwise normal. It has that appearance with the Smolek/Klyce scale used
on the top left display, but the same cornea looks pathologic (keratoconus?) with a 0.25-D scale often used in corneal topography.
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steps, and the extreme limits of the range in 5.0-D steps. While this
range covered the entire corneal power spectrum seen in corneal
practice, salient topographic features were occasionally lost within
the 5-D intervals, particularly at the low end of the scale. Hence,
this was modified to the so-called Klyce/Wilson scale,” which ranges
from 28.0 to 65.5D in equal 1.5-D intervals. It has been argued
that the 1.5-D interval between contours is so wide that irregulari-
ties in corneal topography may be masked. However, it has been
demonstrated that the 1.5-D scale could detect all the topographic
characteristics sensed by a more sensitive 1.0-D scale in a consecu-
tive series of patients that included contact lens wearing corneas,
early to moderate and advanced keratoconus, penetrating kerato-
plasties, extracapsular cataract extraction, excimer laser photore-
fractive keratotomy, radial keratotomy, aphakic epikeratophakia,
and myopic epikeratophakia.”

The corneal topographers currently on the market have their own
standard color scales and the actual power values, intervals, and
colors used differ from machine to machine. Presentation of data
in varying or nonstandard formats inhibits easy interpretation and
precludes comparison from one machine to another. One absolute
color scale should be common to all devices as a standard feature,
independent of technology. If all topography machines provided the
same data using the same color scale, the resulting consistency
would greatly facilitate interpretation.®

ELEVATION MAP

With the expanding application of the new forms of refractive
surgery, especially LASIK and new forms of surface ablation,
increasing attention is directed toward a topographic map which
depicts the corneal shape in terms of height, as well as curvature
and power. There is a claim that the elevation map is the true rep-
resentation of corneal topography as opposed to a derivative form.
The elevation map could be highly useful in contact lens fitting and
keratoconus shape analysis. In Placido disk systems, the corneal
height is calculated from the curvature, while in the non-Placido
disk system height information is first obtained and then the cur-
vature is derived.

Although the idea of comparing corneal height before and after
refractive surgery appears interesting, there are several difficulties
in doing so with sufficient reproducibility. Firstly, alignment of the
two elevation data sets for comparison is challenging, in that a
stable reference zone must be identified where the elevation has not
been altered by the surgery. The corneal apex is inappropriate.
Secondly, geometric elevation is relatively insensitive to optically
significant surface features, and thus all systems that use the eleva-
tion actually must display a map of the relative change in elevation
by subtracting a spherical component from the data. There are cur-
rently no standards for the best-fit sphere component to be sub-
tracted. Thirdly, standardization of the color-code remains to be
established. If color is standardized to the elevation relative to a
mean sphere, the scale will not be consistent from map to map
where the mean sphere varies from eye to eye. This is similar to the
comparison difficulty that occurs with the adaptable scale for the
dioptric map.

Another potential problem is the inherent discrepancy in the way
the elevation and dioptric maps are interpreted. Since many of us
are familiar with the Placido disk system and the dioptric map which
has been in use for a decade, reading the newer elevation map
requires a learning curve. The slope (or power) and elevation are
rarely synonymous. The fact that cool colors indicate an area of

lower power in the dioptric map vs. a depressed area in the eleva-
tion map may be somewhat incomprehensible. In astigmatic kera-
totomy, the incisions are always made in the steeper meridian. On
a power map, the incision is placed in the axis of warm colors. On
an elevation map, it would be placed in the axis of cool colors (the
area of depression).

QUANTITATIVE INDEXES

The color-coded map is a qualitative display of the data, which is
designed to allow rapid and easy pattern recognition. On the other
hand, there have been several means to mathematically analyze the
data so that the information is represented as quantitative indexes
(Fig. 9.4). These indexes can be compared to a normal range, or
grouped to summarize the topography of several patients, as in
clinical studies.

Simulated keratometry (Sim K) is a relatively simple corneal
index that is equivalent to the conventional keratometer readings,
and is offered by all topography devices. The indexes first incorpo-
rated in TMS system include the surface asymmetry index (SAI),
which measures the difference in corneal power at each ring and
compares symmetry, and the surface regularity index (SRI), which
represents local fluctuations in the central corneal power.”'® The
potential visual acuity (PVA) is an estimation of predicted visual
acuity based on SRI. The Holladay diagnostic summary display of
EyeSys system also provides several numeric indexes, such as
asphericity values (Q), regular astigmatism (Reg Astig), corneal
uniformity index (CU), and vertical and horizontal pupil decentra-
tion data."

The numerical approach has been also extended for the quantita-
tive method of differential diagnosis. This was first done by Rabi-
nowitz and McDonnell, who examined central corneal powers and
inferior to superior midperipheral power differences obtained from
corneal topography examinations in order to detect keratoconus.'
In a system designed to detect and discriminate keratoconus from
other clinical situations, eight topographic indexes were evalu-
ated:”® Sim K1 and K2, SAI the differential sector index (DSI),
opposite sector index (OSI), the center surround index (CSI), the
irregular astigmatism index (IAI), and the analyzed area (AA). The
analysis yielded the keratoconus prediction index (KPI), which could
detect keratoconus with very high sensitivity and specificity among
corneas of various entities, i.e. normals, keratoconus, regular astig-
matism, keratoplasty, epikeratoplasty, photorefractive keratectomy,
radial keratotomy, contact lens-induced warpage, astigmatic kera-
totomy, scarred corneas, postretinal detachment surgery, postcata-
ract surgery, and keratomileusis."® This approach has been extended
to use neural networks' and to simultaneously classify normal,
astigmat, keratoconus suspect, keratoconus, pellucid marginal
degeneration, penetrating keratoplasty, myopic refractive surgery,
and hyperopic refractive surgery.'” This automated classification of
corneal topography (Fig. 9.5) is a very useful tool as a screening of
refractive surgery candidates as well as a tool with which to explore
the natural history of keratoconus and other corneal conditions.

Other applications of quantitative indexes of corneal topography
are the assessment of refractive surgical results, including the quan-
titative analysis of irregular astigmatism, central islands following
excimer laser photorefractive keratectomy, and decentration of
refractive surgeries.'®" Other approaches, such as decomposition of
topographic data using the Fourier series'®' or the Zernike poly-
nomials,” are useful to investigate the optical quality of the cornea
after ocular surgery or trauma (Fig. 9.6).
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Figure 9.4. Statistics derived from corneal topography can be useful to differentiate specific shortcomings of individual corneas. In the
illustration, the right column lists statistics developed from analysis of the topographies shown in the left column. On the top row is a normal
topography while the bottom row is a decentered radial keratotomy procedure. Each of the statistics are color coded so that those within the
range for a normal population are green, those two to three standard deviations from the mean of normals are colored yellow, while those more
than three standard deviations from the normal are indicated in red. See text for further details.

LIMITATIONS

CONCLUSION

Corneal topography has become an integral part of refractive
surgery and diagnosis of corneal diseases. As with many clinical
tests, however, topography has limitations and can provide
misinformation if intentionally or unintentionally abused. For
example, topography devices, including the Placido disk
system, can be sensitive to alignment and focusing errors.”’
Inadequately compensated focus and/or alignment has been
found in the past to produce artifactual information. Tear film
breakup can be a source of artifacts if a prolonged fixed gaze is
requested by the operator; the effect is usually poor tracking
with missing data and a map with the appearance of irregular
astigmatism. In routine clinical settings, both keratometry
and corneal topography are best done as the first procedure,
before instillation of topical medication, intraocular pressure mea-
surement, refraction, or external examination, to preserve the
normal corneal tear film. It should be noted that precise and mean-
ingful analyses are only possible when data acquisition is proper;
correct operation of the topographer and patient cooperation are all
important.

Corneal topography has established its unique role in ophthalmol-
ogy as a noninvasive, qualitative, as well as quantitative measure-
ment tool which processes huge amounts of data to be viewed and
utilized in various forms. It is said that this technology is one of
the most important diagnostic advances in recent years. The devel-
opment and evolution of modern refractive surgery seem to have
been the wind that fanned the rapid growth of corneal topography,
and vice versa.

Corneal topography is a continuously evolving technology which
has yet to achieve its final form. Several important issues remain
to be further elucidated, and new technologies are on the horizon.
The exciting fields in the future include real-time topographic
analysis in the operating room, more robust and device-independent
expert systems for classification of corneal topography, and further
analyses of the correlations between optical quality of the cornea
and corneal shape. The advancements in topographic technology
will play ever-expanding roles in adding to our knowledge and
understanding of the most powerful refractive surface in the eye,
the cornea.
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This corneal topography has the characteristics associated with keratoconus suspect (KCS=90.8%).

Figure 9.5. An example of the Nidek Magellan Navigator (corneal navigator) program, which classifies several categories of corneal
topography. This cornea has the features consistent with a suspect keratoconus (KCS) cornea and is on the borderline for classification of
clinical keratoconus (KC).



Figure 9.6. Using Zernike analysis to demonstrate corneal optical performance. The cornea received LASIK for myopia. lllustrated is a standard
eye chart viewed with the aberrations contained within a 3-mm pupil (top left), 5-mm pupil (top center), and 7-mm pupil (top right). Note that
the cornea has 20/20 potential for the 3-mm and 5-mm pupils, but when the pupil is expanded to 7 mm, vision falls to 20/60 (top row of letters
on this chart). This demonstrates the need for large, well-centered treatment zones with refractive surgery which should avoid potential night
vision complaints.
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Corneal tomography and anterior
chamber imaging

Catherine E. Wheeldon, Charles N.J. McGhee

INTRODUCTION

The word ‘topography’, derived from the Greek words fopos meaning
‘place’ and graphien meaning ‘to write’, can be defined as the
science of describing, or representing, the features of a particular
place in detail. The similarly sounding, but differing, tomography
is derived from the Greek fomos meaning ‘a section’ and herein lies
the essential distinction between topography and tomography: the
former is a two-dimensional representation of the anterior corneal
surface, the latter a three-dimensional representation (or section) of
the cornea and anterior segment. Thus, a contemporary computer-
ized tomographer may also be a corneal topographer but the reverse
is not necessarily true.

As detailed in earlier chapters, although Christopher Scheiner
(1619) was the first to document attempts to measure the anterior
corneal curvature, and Helmholtz introduced the concept of oph-
thalmometry (keratometry) in 1856, it was not until 1880 that
Placido’s disk of alternating white and black circles with a central
perforation enabled qualitative assessment of more than four points
of the central corneal surface. Surprisingly, despite the development
of several techniques, the quantitative clinical potential of the
Placido disk was not realizable until the development of the per-
sonal computer and video frame grabbers 100 years later—in the
mid-1980s. Since the late 1980s the most widely established com-
puterized video-keratography systems have been based on Placido
disk technology. Through a set of complex algorithms, quantitative
assessment and virtual reconstruction of the curvature of the corneal
surface is possible. However, such Placido-based curvature topog-
raphy does not directly measure true elevation topography nor
provide a three-dimensional reconstruction of corneal thickness
or the anterior chamber. The first widely commercially available
corneal tomographer was the Orbtek Orbscan slit-scanning device
launched in 1995, more recently (2002) the Oculus Pentacam
tomography device has attracted considerable clinical interest.

The first system to use elevation topography to establish the true
anterior corneal surface shape was the no longer available PAR
Corneal Topography System (PAR Vision Systems Corp.) using the
principle of triangulation. However, when the Orbscan (Orbtek, Inc.)
was introduced into clinical practice in 1995 it provided a new

paradigm for corneal analysis. Using eye tracking with scanning-slit
or parallelepiped methodology, and the principle of measuring the
dimensions of a slit-scanning beam projected onto the cornea, it
can assess both the anterior and posterior surfaces of the cornea,
as well as the anterior surfaces of the lens and iris.'

This chapter deals in some detail with the more widely available
contemporary corneal/anterior segment tomography units—the slit-
scanning Orbscan II and the rotational Scheimpflug-based Oculus
Pentacam system. It will also outline the more established method
of ultrasound pachymetry and specialized anterior segment tomo-
graphic applications of ultrasound biomicroscopy (UBM) and optical
coherence tomography (OCT).

ORBSCAN Il SLIT SCANNING
TOPOGRAPHY

More than 100 scientific publications have documented the signifi-
cant advantages and modest limitations of Orbscan tomography
since its clinical launch a decade ago.' The original Orbscan was
designed to acquire elevation information directly, but important
curvature information can also be derived from this. However, the
later development of the Orbscan II (Orbtek, Inc.) following the
incorporation of the slit-scanning technique with a Placido disk
attachment meant that curvature information could be derived
directly (Fig. 10.1). The most recent model, the Orbscan Iz (Bausch
& Lomb), is integrated with a Shack-Hartmann aberrometer in the
Zyoptix workstation where information from both examinations
can be transferred for direct treatment with the Bausch & Lomb
Technolas excimer laser systems.

The Orbscan II and Iz devices incorporate both a Placido disk
and a slit-scanning technique using white light, enabling both two-
dimensional anterior corneal topography and three-dimensional
corneal and anterior segment tomography (Fig. 10.2). During the
data acquisition phase with the Orbscan Ilz, the Placido disk is
illuminated and the reflection of its mires from the anterior corneal
surface is stored. Following this, 40 slits, 20 from left and 20 from
right, 12.5-mm high and 0.3-mm wide, are projected onto the
cornea at an angle 45° to the instrument axis. The appearance
of the backscattered light from these slits is recorded as a two-
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Figure 10.1. Screen image of Orbscan Il showing the combination of
Placido and scanning slit mires (overlapping centrally).

dimensional image by the digital video camera in the device. The
acquisition is rejected if there is excessive movement or incomplete
images, and the examiner is prompted to reacquire the data. By
detecting the anterior edge of each slit and the edge of the reflected
mires from the Placido disk, using the principles of triangulation,
the system creates an elevation topographic representation and
curvature reconstruction of the anterior surface of the cornea.
Further processing of the collected data enables the system to then
digitally recreate the posterior cornea, anterior iris, and lens.

This noncontact examination process takes a few seconds and
relies on the subject placing their chin on the chin rest, and main-
taining steady fixation on the center of the fixation target while
not blinking. The processing phase, of up to 9000 data points from
each assessment, takes approximately 30 s and following this a total
of more than 30 anterior segment topo/tomographic maps can be
created. The more practical display options tend to include axial
and tangential keratometric curvatures, pachymetry, and anterior
and posterior floating best-fit sphere (BFS) (Fig. 10.3).

The most established method of depicting the anterior corneal
surface topography is the curvature or keratometric (dioptric) power
map. Technically, since the relationship between power and radius
of curvature is nonlinear, dioptre scales should be used only to
describe the refractive power of the cornea and not its curvature.
Axial topography is presented from the radius of curvature mea-
surement by analyzing the reflection of the Placido disk to provide
the normal to the surface, and then relating this to the instrument
axis. If adjacent data are collated these will then reveal local cur-
vature change or tangential topography. While derivations on axial
curvature can describe how the cornea performs in a ‘global’ refrac-
tive sense, tangential curvature can better represent the ‘local’ shape
of the anterior corneal surface (see Ch. 9 for further details).

In analyzing the anterior and posterior surface of the cornea,
Orbscan can also provide total optical power (TOP) maps, a measure
of the optical focusing capacity of the cornea. TOP maps have
shown an encouraging correlation with manifest refraction when
compared to anterior axial maps for detecting the refractive change
postmyopic LASIK.?

True corneal elevation data are relatively insensitive to optically
significant surface components; therefore, for the presentation of
elevation topography the Orbscan uses a BFS technique, i.e. a sphere

A

B

Figure 10.2. Orbscan II: Patient’s view (A) and patient position (B)
during scan. The data calculated on internal surfaces of the eye are
not as precise as the anterior surface, as it is measured indirectly.
These surfaces are calculated from the previously generated anterior
topographic representations of elevation and curvature which will
therefore exert an influence on the measurements.?

whose radius of curvature and position relative to the instrument
axis can be altered to best fit the surface being measured.
This allows small deviations in the surface shape to become more
apparent (Fig. 10.4). The default floating BFS offers a useful means
of analyzing the surface profile of the entire area measured.
The BFS can be constrained in various means to highlight particular
examination features. For example, limiting the radius of curvature
of two separate anterior elevation maps to the same value
might aid in the understanding of their topography, or fixing the
virtual center of the BFS to the instrument axis to monitor for
progression in keratoconus by preventing the floating BFS fitting
off center, which could otherwise normalize the appearance of the
maps.*

It is important to note that not all Orbscan acquisitions provide
a complete map due to the effect of eyelids, reflections, etc. If
peripheral, typically flatter, data are missing a BFS will have a
decreased radius of curvature to best fit the steeper, more central



\ 1

™

B Y702 M174
B 5/15/05 11:41:01 A

-. Prof McGhee

B Auckland Hospital Wallace Block

Sim K'sastio: 360 @1 deg
Mz 456D @1 deg
Min: 420D @ 91 deqg

3.0 MM Zone: Irreg:

Mean Pyt 442
Astiog Pwt 33
Steep Axis 178
Flat Axis a0

30D
20D
+23D
+ 27 deg
+ 27 deg

5.0 MM Zone: lrreg
Mean Pwr 46.9
Asting Pwr 40
Steep Axis 1
Flat Axis 84

+76D
+47D
+60D
+ 36 deqg
+ 36 deg

White-to-White [mm] : 11.6
Pupil Diameter [mm] : 3.5
Thinnest: 671 um @ (-0.5,-0.7 )

ACD (Ep): 4.37 mm
°@182.62°
cept: -0.60, 0.08

Kappa :
Kappa Intelr

oD

Figure 10.3. Orbscan Il quad-map of a cornea with early Fuchs endothelial dystrophy. Clockwise from top left this display presents: A, a
keratometric or power map in dioptres; B, a wide-field pachymetry map in micrometers (679 um centrally); C, an anterior elevation map in
microns relative to a BFS; D, a posterior elevation map in microns relative to a BFS.

region that will imply deceptive values and induce inconsistency.
The development of any classification scheme must therefore be
restricted to a specific zone of consistent complete data coverage
between maps.

In an independent study, the Orbscan II demonstrated extreme
accuracy in measuring the anterior surface using a variety of test
surfaces, although the authors cautioned that no direct comparison
can be made to the cornea in vivo.® The repeatability of Orbscan II
slit-scanning topography for measuring anterior elevation in human
corneas has been shown to be approximately 2 um, decreasing
towards the more peripheral cornea.®” However, to date, no peer-
reviewed publication has presented a reproducible technique to
establish the accuracy of the Orbscan posterior surface elevation
measurement and thereby the absolute accuracy of pachymetry
maps.

The repeatability of early morning or peripheral measurements
of pachymetry by Orbscan II is poorer than that of central measure-
ments (£3.0 um SD), which produce results generally comparable
to ultrasound.*® However, since the initial scientific publications it
has become apparent that in normal corneas the Orbscan consis-
tently produces pachymetry measurements thicker than ultrasound,
by approximately 30 um.'*"'* Possible explanations of this phenom-
enon include compression of the cornea or probe misalignment with
ultrasound, or Orbscan measurement including the tear film and
mucus layer. Owing to the concern that in LASIK patients the

pachymetry may be measured thicker than with ultrasound, creating
the impression that the maximum safe ablation depth for LASIK
patients is greater than genuinely acceptable, the manufacturers
introduced a correction factor to more closely align the results from
Orbscan and ultrasound pachymetry. This correction factor is known
as the ‘acoustic factor’ and reduces the entire Orbscan pachymetry
map by 8%. Obviously, the use of a single correction factor across
the entire cornea and different populations must be accepted with
significant reservations when a constant linear relationship between
ultrasound and Orbscan pachymetry has not been proven.'' This
disparity is compounded when considering corneal tomography that
deviates from normal, such as post-LASIK. Studies that compare
Orbscan and ultrasound pachymetry post-LASIK show, in contrast
to the trend in normal corneas, that Orbscan has a general tendency
to underestimate corneal thickness.'"'*'* Moreover, the introduction
of an acoustic correction factor of 8% induces further reduction in
Orbscan pachymetry and therefore greater reduction when com-
pared to ultrasound. Postoperative ultrasound pachymetry has been
demonstrated to correlate well with preoperative predicted values,
whereas Orbscan measures postoperatively have been reported to
be approximately 40 pm less than predicted.” This would suggest
that the inconsistency lies with the Orbscan measurement rather
than with that of the ultrasound. Indeed, the presence of clinically
significant haze is associated with an underestimation of corneal
thickness,'® and more recently the authors have demonstrated a
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Figure 10.4. Orbscan Il quad-map of cornea showing keratoconus. Clockwise from top left: A, the keratometric axial power map highlights a
large inferior, oval cone with simulated K values of 54.7 and 48.3 D at 106°; B, the thickness map reveals significant central thinning with a

value of 436 um; C, the anterior elevation map highlights central elevatio
posterior elevation map shows central protrusion, relative to the BFS, of

similar association with subclinical interface haze following LASIK
(unpublished data).

When measuring anterior chamber depth (ACD) in phakic and
pseudophakic eyes, the Orbscan appears to have good repeatability
and the mean values correlate well with ultrasound A-scan.'®'®
Orbscan measurements also appear similar to those of the intraocu-
lar lens (IOL) master (Carl Zeiss Meditec) in the determination of
ACD, but not as reliable as the IOL master in measurement of white-
to-white corneal diameter.'**

A significant observation highlighted by Orbscan tomography in
eyes following laser keratorefractive surgery is the (apparent) ante-
rior shift of the posterior corneal surface. Significant debate con-
tinues as to whether this is a genuine physical corneal ectasia or
largely an optical phenomenon, although a number of large studies
have generally suggested that this phenomenon does occur®'
though the magnitude of the ectasia may be artifactually increased.
It has been postulated that removal of tissue from the central
cornea coupled with a superficial LASIK flap weakens the integral
mechanical structure of the cornea and under the effect of intra-
ocular pressure (IOP) causes a forward protrusion or true keratec-
tasia. The mild regression seen in a significant number of eyes
after LASIK could be partly explained by a genuine shift, or kera-
tectasia of the cornea, which would effectively increase the axial
length of the eye. However, many inconsistencies between studies
prevent a resolute answer to this question, and it should be remem-
bered that all evidence is based on the yet to be independently

even

n of greater than 60 um relative to the BFS, of more than 75 um; D, the
more than 75 um.

confirmed premise that Orbscan can accurately measure the pos-
terior surface of the cornea after refractive surgery. Interestingly,
the authors have recently reported a paradoxical reduction in ACD
associated with apparent keratectasia following successful LASIK
procedures, which tends to suggest this forward ectasia is at least
partly artifact.*

OCULUS PENTACAM

The Oculus Pentacam (Oculus Inc., Germany) system is a multifunc-
tional tool that images the cornea and anterior segment. Using a
rotating Scheimpflug camera and a monochromatic light source
(blue LED at 475 nm) that rotate together around the optical axis
of the eye, multiple images are taken of the anterior segment from
the anterior corneal surface to the posterior surface of the crystalline
lens (Fig. 10.5). These measurements are subsequently used to gen-
erate three-dimensional images and animations from which data
can be calculated and analyzed. This information can be used for
a broad range of clinical applications. At the time of writing, the
Pentacam has only been widely available in clinical practice for
approximately 3 years and therefore the evidence base, in relation
to the advantages and potential limitations of this system, is limited
to a little over 20 peer-reviewed scientific publications.

In practice, the operator visualizes a real-time image of the
patient’s eye on a computer screen and can manually focus and
align the image, with the machine identifying the corneal apex,



Figure 10.5. Oculus Pentacam Scheimpflug tomography device.

pupil edge and center in real time. Arrows that guide the operator’s
alignment in the horizontal, vertical, and antero-posterior axes are
displayed on the screen. An automatic release mode can be used
for the machine to automatically perform the scan on achieving the
correct focus and alignment with the corneal apex. This noncontact
measurement process takes less than 2 s to rotate 180°, and in this
time performs up to 50 single captures depending on the function
mode. Each capture consists of 500 true elevation points so a total
of up to 25 000 height values are detected and processed into a
three-dimensional mathematical model of the anterior segment.
According to the manufacturer the condition of the tear film has
no effect on measurements. Minute eye movements are captured by
a second camera and automatically corrected simultaneously. The
quality factor (QF) takes into account possible measurement con-
founders from blinking or extraneous light influences so users can
easily determine whether an examination should be repeated. A
QF > 95% indicates a reliable examination.

There are five evaluation modes: Scheimpflug tomography,
pachymetry (including adjustment for IOP), three-dimensional ante-
rior chamber analysis (chamber depth, angle and volume, including
a manual measuring function for any location in the anterior
chamber), densitometry of the lens, and corneal topography (includ-
ing anterior and posterior corneal surface as well as keratometry)
(Fig. 10.6). Comparison screens allow the user to obtain the optimal
impression of any general changes, the difference between exami-
nations shown as color maps, as well as numerical values. In axial
terms, imaging is limited to the posterior capsule of the lens. Being
optically based and imaging the eye from several angles, theoreti-

cally data can often be captured from behind a modest opacity or
through corneal haze.

The Pentacam software generates a full-color-coded pachymetry
map from limbus to limbus (potentially) and also highlights the
thinnest part of the cornea (Fig. 10.7). Any point on the cornea can
then be manually located onscreen to determine the precise corneal
thickness at that point. This mode is particularly useful in refractive
surgery, especially for evaluating patients seeking re-treatment, to
determine if there is sufficient residual stromal tissue to allow a
safe enhancement procedure. In glaucoma patients, the pachyme-
try-based IOP correction function allows the operator to enter the
tonometrically measured eye pressure and, on selecting a formula
for IOP correction, the Pentacam, like the Orbscan system, will cal-
culate the patients ‘corrected IOP’ based on the measured corneal
thickness.

A study comparing central corneal thickness (CCT) measured by
the Pentacam and ultrasound pachymetry demonstrated that on
average the Pentacam yielded slightly, but systematically, thinner
values for CCT.** Similar results have been reported when comparing
the Pentacam with both ultrasound pachymetry and Orbscan
scanning-slit corneal topography.?® In keratoconus it has been sug-
gested that caution is needed when using data on corneal thickness
interchangeably between the Pentacam, ultrasound pachymetry and
noncontact specular microscope as significant differences between
the measurements from these instruments have been shown.”

As an objective, noncontact measurement of CCT the Pentacam
has been reported as yielding excellent intraoperator repeatability,
and interoperator reproducibility, in the region of 0.84-1.1%,
respectively.”’”® The Pentacam might provide further insight into
the presence of post-LASIK ‘ectasia’ that has been documented
when assessing corneal thickness with the Orbscan, which as previ-
ously noted underestimates corneal thickness compared to ultra-
sound. Recent reports of change in the posterior corneal surface
after refractive surgery suggest that contrary to previous studies,
posterior ‘ectatic’ changes are not routinely identified after LASIK
surgery.”

In addition to information about the central ACD, the Pentacam
also measures depth at the periphery, an application which is useful
for the suitable selection, surgical planning, and follow up of cases
of phakic IOL implantation. Interestingly, in phakic eyes ACD mea-
surements with the Pentacam, ultrasound A-scan, and Orbscan have
been shown to be similar.’®’’

The Pentacam can also evaluate safety distances between the
posterior surface of a phakic IOL implant and the crystalline lens
and from the anterior optic surface of an anterior chamber IOL to
the corneal endothelium. The latter may be regarded as the most
critical distance for determining endothelial safety.

In glaucoma patients, it is claimed that the Pentacam can be used
to follow changes in anterior chamber angle, depth, and volume
dimensions in response to surgical or pharmacological intervention.
Additionally, users have claimed that the device can image the fil-
tration bleb following glaucoma surgery and visualize the position
of glaucoma drainage implants in the anterior chamber. However,
anterior chamber dimensions measured by the Pentacam suggested
that ACD and anterior chamber angle only correlate moderately and
that ACD is only minimally correlated with the potential risk of
developing angle-closure glaucoma.*®

The use of Scheimpflug photography to quantify cataract has
previously been well established using systems such as the Nidek
EAS-1000 system,* and in addition to other functions the Pentacam
lens densitometry function should enable quantification of lens
density and the differentiation of various forms of cataract. The
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Figure 10.6. Oculus Pentacam maps of a normal cornea with SimK values 44.5 and 44.5 D at 81.4° and CCT of 563 um. From left to right the
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precise monitoring of cataract progression can be documented over
time as well as the quantitative status of the crystalline lens fol-
lowing phakic IOL refractive surgery. The density of the lens is
standardized from 0 to 100, where 0 shows no clouding and 100
represents a completely opaque lens. It is important to note that
maximum pupil dilation is needed in order to fully visualize the
posterior surface of the crystalline lens for thickness measurements,
the edges of implanted IOLs, or the location and extent of opacifica-
tion of the anterior and posterior capsule.

The Pentacam software enables a ‘true net power’ map, similar
to the Orbscan TOP mabp, to be calculated and displayed. This takes
into consideration the posterior surface of the cornea, potentially
providing the basis of a more accurate calculation of refractive
power of the cornea compared to Placido-based systems. The
obvious potential for improving the predictability of pseudophakic
IOL power calculation using the Pentacam'’s true net power map, in
a growing population of cataract patients with a history of refrac-
tive surgery, is encouraging.

In the wider field of corneal disease, serial studies can be used
to document and evaluate the progression of conditions such as
keratoconus, pterygium, and Terrien’s disease. The interfaces
between corneal graft and host tissues and implanted intracorneal
ring segments can be visualized. The 12.0-mm diameter topography

map may be useful in guiding decisions about suture removal post-
penetrating keratoplasty compared to the 9.0-10.0 mm zone of
placido-based instruments.

ALTERNATIVE MEASUREMENT
OF PACHYMETRY

Accurate corneal pachymetry plays an important role in several
areas of ophthalmology. It can be regarded as an indirect correlation
to the physiological condition of the corneal endothelium and may
be useful in the diagnosis and management of conditions such as
Fuchs corneal dystrophy and keratoconus.** Pachymetry is also
vitally important in the avoidance of complications such as corneal
ectasia in keratorefractive surgery. Recent evidence of the link
between decreased IOP measurement readings and apparently
decreased CCT have also highlighted its integral role in the early
diagnosis and management of glaucoma.”**’

Ideally, a pachymeter should be safe to use, noninvasive, reliable,
and provide accurate reproducible results. There are many different
ways of measuring CCT thickness, including those techniques high-
lighted in the preceding sections, i.e. Orbscan and Pentacam tomog-
raphy. However, pachymetry can also be usefully assessed by OCT,
UBM, in vivo confocal microscopy, and ultrasound pachymetry—the
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suggestion of ectasia on the posterior elevation map.

latter has historically been used most commonly and is often
regarded as the gold standard.

ULTRASOUND PACHYMETRY

In use, the ultrasound probe is applied perpendicularly to the anes-
thetized cornea and an ultrasonic pulse is generated by the stimula-
tion of a Piezoelectric crystal by an electromagnetic pulser. This
ultrasonic pulse is reflected by Descemet’s membrane back through
the cornea and stimulates the crystal to generate an electronic pulse.
From the time it takes for the ultrasonic pulse to travel through the
cornea and back the corneal thickness can be calculated. The
formula used to calculate this relies on a measurement of 1640 m/s
for the speed of sound in the cornea:

corneal thickness = (total travel time X speed of sound in cornea)/2

The pachymeter usually analyzes a series of around 100 measure-
ments at each site and can store multiple readings from different
locations on the cornea. Hand-held ultrasound pachymeters offer
the advantage of relative ease of use, portability, and low cost.
In general, ultrasound pachymetry has been shown to have
a reasonable degree of intraoperator, interoperator, and inter-

on front elevation map; E, a reduced CCT (minimum of 400 um); £, no

instrument reproducibility.>**** However, limitations of this system
include difficulties in alignment and centration with consequent
off-center placement of the probe yielding thicker measurements,
the lack of a fixation light for gaze control, and the variability of
sound speed in wet and dry tissues. In addition, relying on corneal
contact necessitates the administration of a topical anesthetic, risk
of epithelial damage, possible transmission of infection, and may
yield slightly thinner readings as a result of unavoidable tissue
indentation.

ULTRASOUND BIOMICROSCOPY

Ultrasound biomicroscopy provides high resolution, in vivo contact
imaging of the anterior segment. Structures in the posterior chamber
hidden from clinical observation can be assessed, and the relation-
ship between tissues and their architecture in disease can be studied.
The technology is based on 50-100 MHz transducers incorporated
into a B-mode clinical scanner.*® The resolution and depth of pen-
etration are moderated by transducer frequency. Lower frequency
transducers provide greater depth of penetration with less resolu-
tion, whereas higher frequency devices provide better resolution of
more superficial structures. Commercially available units operate at
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Figure 10.8. Clinical photograph (A) and high-frequency UBM image
(B, C) of a large iris melanoma with dimensions of 5.66 mm x

2.84 mm, closely juxtaposed to the posterior cornea (courtesy of Dr
Peter Hadden).

Figure 10.9. The Visante OCT (Carl Zeiss, Meditec) in use.

up to 50 MHz, providing a penetration depth and tissue resolution
of approximately 5.0 mm and 50 pum, respectively. Generating a
5.0 X 5.0 mm field of view, consisting of 256 A-scans, at a scan
rate of 8 frames/s, the UBM provides a dynamic image of the ante-
rior segment. When gathering quantitative information it is impor-
tant to consider the effect that room illumination, fixation, and
accommodation can have on anterior segment anatomy.

UBM is an effective tool in both the diagnosis and management
of anterior segment tumors. Tumor size can be measured and extent
of invasion determined (Fig. 10.8). However, in terms of corneal
pachymetry per se, UBM is significantly more expensive but no
more accurate than standard ultrasound pachymetry.*

ANTERIOR SEGMENT OPTICAL
COHERENCE TOMOGRAPHY

The anterior segment OCT is a noncontact, high-resolution tomo-
graphic and biomicroscopic device aimed at in vivo imaging and
measurement of anterior chamber structures such as the anterior
chamber angle, depth, corneal diameter, and corneal and LASIK flap
thickness (Fig. 10.9). Anterior segment OCT has only been available
over the last 5-6 years and therefore the published evidence base
is still relatively limited though growing quickly.

The OCT acquires and analyzes cross-sectional tomograms of the
anterior segment using low coherence interferometry to obtain
high-resolution images. Coherent light is sent along two optical
paths, the sample path into the eye and the reference path of the
interferometer. The typical light source is a 1310 nm, infrared,
super-luminescent light-emitting diode that employs a wavelength
that has limited penetration in the eye. Light returned from the
sample and reference paths are combined at the photodetector. The
strength of the combined returned signal is a measure of the reflec-
tance of a small volume of tissue at that specific location. In a
similar fashion to ultrasound A-scan, by changing the optical length
of the reference path at each scanning spot the axial depth of the
tissue reflectivity signal can be determined. By laterally moving the
scanning spot across the eye, the OCT acquires multiple A-scans
that can be aligned to construct two-dimensional images analogous
to an ultrasound B-scan. The anterior segment OCT typically per-
forms 4000 scans per second with a scan width of 1.0-16.0 mm,
scan depth of 1.0-8.0 mm, and axial resolution of 15 um.



Figure 10.10. Anterior segment OCT of the cornea, iris, angle, and
limbal region highlighting corneal pachymetry, angle to angle, and
ACD measurements.

Anterior Segment Single

180°

Figure 10.11. Anterior segment OCT image of an eye highlighting a
dilated pupil and a posterior subcapsular cataract.

Potential applications of OCT in anterior chamber imaging include
corneal pachymetry, LASIK flap thickness measurement, narrow
angle glaucoma screening, internal angle-to-angle dimensions, and
ACD (Fig. 10.10). As the infrared light beam is stopped by iris
pigment a satisfactory view of structures behind the epithelial
pigment layer of the iris is not usually possible, and usually only
the central, anterior portion of the lens is seen (Fig. 10.11).

The in vivo analysis of the eye is a quick, noncontact procedure
that provides data of high spatial resolution with no mechanical
distortion of tissue, within a few seconds of alignment having been
achieved. During the procedure the subject fixates on an optical
target. The targets focus can be adjusted with positive and negative
lenses to compensate for the subject’s spherical ametropia and thus
allow acquisition of images of the un-accommodated eye. It is also
possible to defocus the target with negative lenses to induce physi-
ological accommodation in the eye.

The OCT central and peripheral corneal pachymetry map consists
of eight radial lines, 10 mm in length, each containing 128 axial
scans. Measurements can be made of LASIK flap and bed thickness
(Fig. 10.12). This allows comparison of predicted and achieved flap

Figure 10.12. Anterior segment OCT image post-LASIK highlighting
the LASIK flap dimensions.

thickness and ablation depths, and is therefore a useful guide to the
feasibility of secondary procedures. Flap architecture can be viewed,
and, being noncontact, assessment can be carried out immediately
after corneal surgery. Difference maps can be used to monitor for
the progression of corneal conditions such as Fuchs endothelial
dystrophy. Measurements of CCT have been shown to have good
repeatability with results equivalent to ultrasound pachymetry in
eyes before and after LASIK.** In contrast, repeatability in measure-
ments of corneal epithelial thickness has shown to be poor.”

In refractive surgery, eyes with high ametropia are often not
suitable for corneal refractive laser ablation because of the com-
bined risks of induced ectasia and optical aberrations. Clear lens
extraction can be an alternative but this is associated with loss of
accommodation and the risk of retinal detachment. In certain
patients the use of phakic IOLs may be an option. The use of these
I0Ls relies on accurate sizing in order to avoid complications such
as pupil ovalization, iritis, and iris atrophy that can occur if the IOL
is too large, or endothelial damage and peripheral anterior syn-
echiae if the IOL is too small and becomes mobile. Traditionally,
external ‘white-to-white’ corneal diameter measurement has served
as a guide to anterior chamber width; however, external measure-
ments can be biased by anatomical variations, vascular pannus, and
arcus senilis, and thus external landmarks may not correlate well
with internal landmarks. The OCT is claimed to assess true anterior
chamber dimensions including depth, angle size, and angle-to-
angle measurements that can be used in the evaluation of suitability
for phakic IOL surgery. Additionally, postoperatively the distances
between implanted phakic IOLs and the corneal endothelium and
anterior lens capsule can be measured and monitored. Reproducible
OCT anterior chamber biometry has been demonstrated but with a
high variation between users.* This could be partially addressed by
the incorporation of automated software for biometric measure-
ments within the OCT to eliminate human error.

Anterior segment imaging allows evaluation and assessment of
corneal pathology such as keratoconus, and the outcome of pene-
trating and lamellar keratoplasty.

CONCLUSION

Corneal analysis has come a long way since the advent of the kera-
tometer and Placido’s disk. Largely due to computer processing we
can now measure thousands of corneal data points and analyze
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them in seconds rather than the hours, or even days, it would have
taken only 25 years ago. As this brief overview highlights, true
corneal tomography is now available in a number of systems with
applications that can be tailored for the precise needs of the corneal
and the refractive surgeon.
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Confocal microscopy of the cornea

Matthew Giegengack, William D. Mathers

Confocal microscopy is a technique that continues to gain utility
in both clinical and experimental ophthalmology. Increasing
numbers of ophthalmology centers are employing this exciting
technology. Confocal microscopy has many advantages over other
modalities of examination. It has the distinct advantage over tra-
ditional laboratory light and electron microscopes of being usable
with living tissue. Compared with other in vivo techniques (slit-
lamp biomicroscopy, spectroscopy, etc.), it provides both higher
resolution and, perhaps more importantly, the ability to produce
optical sections of the tissue being examined.

As the confocal becomes more popular, the number of papers on
its use continues to increase. The subject has become prohibitively
broad for an all-encompassing review. This chapter provides an
explanation of the theory behind confocal microscopy. Clinically
proven applications of the confocal are detailed. A sampling of
some of the research previously and currently underway is also
included. Many clinical photos are included so that the reader gets
a sense of the power of the technology in its present uses as well
as to stimulate ideas for future investigations.

PRINCIPLE OF CONFOCAL MICROSCOPY

In 1955, Marvin Minsky' constructed the first microscope based on
the confocal principle. In all types of light microscopy, the specimen
to be examined is illuminated by a light source and the light from
that specimen is then collected and magnified by an objective lens.
The modification of this basic design, which defines confocal
microscopy, is best understood with a diagram. Figure 11.1 is a
depiction of a confocal microscope in its simplest form, similar to
the microscope first designed by Minsky.'

A point source of light is created by shining a light through a
pinhole P1. The light from this point source is then collected by a
converging lens L1 and focused to a point X in the specimen. The
light from the specimen is then collected by a second lens L2 and
focused on the detector. L2 is placed in such a way that its focal
point is at point X. In order to discriminate against light not origi-
nating at point X, a second pinhole P2 is placed in front of the
detector. L1 and L2 (the light source and the objective lens) are
therefore confocal, hence the name.”

This design allows for better transverse resolution than nonconfo-
cal microscopy for a given wavelength of illumination. It also has
enhanced axial resolution, as light from above and below point X
do not reach the detector (note the blue rays in the diagram origi-
nating from a point deeper within the specimen than point X). The
confocal described above would deliver excellent resolution of the
specimen at point X at a set depth within the specimen as dictated
by the focal lengths of the illumination and the objective lens. By
moving the specimen in front of the microscope, multiple point Xs
could be combined to provide an image of an optical section at that
depth (as depicted in the diagram by the vertical line through the
point X). Moving the specimen toward or away from the microscope
would provide an image of an optical section at a different depth
within the specimen. However, it is often difficult to move the
specimen in a controlled manner (especially a living patient). Alter-
natively, the light source and objective can be scanned across (or
moved closer to) the specimen.”

Different methods for scanning the light source across the speci-
men have been designed. The most common method employs a
Nipkow disk. The Nipkow disk is a thin disk with multiple pinpoint
holes (Fig. 11.2). Light from the source is directed through these
holes to make multiple point sources; each of these point sources
is focused to a point in the specimen. The reflected light from each
focal point in the specimen is then refocused on the disk and either
directed through the same hole that the illumination came from or
through a corresponding hole on the other half of the disk. The disk
is then rotated so that many points of the focal plain can be sampled
quickly. Nipkow disk-based confocal microscopes have several vari-
ables that determine image quality. The size of the holes on the disk
determines the resolution. The smaller the hole, the higher the
resolution. This comes at a cost, the smaller the hole the less light
transmitted, and consequently brighter illumination is required to
obtain adequate contrast. Resolution is further affected by the
power of the objective lens, higher power lenses having greater
resolution. The rate at which the disk rotates determines the speed
at which a complete image can be obtained. The faster the speed,
the more forgiving the microscope is of patient movement. However,
at faster speeds the alignment of the microscope parts is more dif-
ficult to maintain.?
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Figure 11.1. A depiction of a confocal microscope in its simplest
form, similar to the microscope first designed by Minsky.
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Figure 11.2. The Nipkow disk is a thin disk with multiple pinpoint
holes.

A further modification of the confocal microscope has been
developed by converting the scanning spot to a scanning slit.?
Expansion of the field in one dimension decreases the confocal
properties of the microscope but permits better transmittance and
more rapid image capture.

One aspect of the confocal microscope not yet discussed is that
of the detector or camera. Although confocal microscopy increases
resolution, it does so at the expense of the brightness of the field.
When images are stationary, the low light levels can be compen-
sated for by longer exposure times with cooled CCD cameras, which
can achieve startling resolution under very dim illumination. In
vivo confocal microscopy is, however, significantly impaired by
movement of the tissue being observed. Although normal eye
motion does not appear to be significant when viewed without
magnification, at a magnification of X400, the surface of the eye
moves considerably even when fixated on a small target. The eye
is actually never stationary while awake. The rapidity of this motion
must be compensated for by relatively short image acquisition times
to avoid blur. Real-time video imaging requires 30 frames per
second, limiting the amount of time available for any frame to
30 ms. This time is not sufficiently rapid to stop eye motion. The

Figure 11.3. Vessels within the stroma of conjunctiva are also clearly
visible.

low light level inherent with confocal microscopy imposes a severe
limitation on exposure. One answer to this dilemma is pulsed light.
The instrument devised by Koester’ uses this solution effectively.
Another method uses an intensified camera for image capture;
however, the image intensification process induces some loss of
resolution. Fortunately, camera technology continues to improve
rapidly, and advances can be expected to aid image quality.

NORMAL MORPHOLOGY

Both the bulbar and the palpebral conjunctiva can be examined
with the confocal. Bulbar conjunctival epithelial cells are slightly
smaller than their palpebral counterparts. Goblet cells are present
in greater numbers on the palpebral conjunctiva, and appear as
larger cells amidst the epithelium. Vessels within the stroma of
conjunctiva are also clearly visible (Fig. 11.3). It is further possible
to image individual cells within the blood flow. The Palisades of
Vogt are readily seen in the basal layer of the conjunctiva at the
limbus. Conjunctiva-associated lymphatic tissue in the form of
subepithelial follicles can also be imaged.®

The surface of tear film can be visualized with confocal micros-
copy using a standard X5 or X10 dry microscope objective.® Interfer-
ence patterns from the lipid layer generate sharply demarcated
interference patterns, which indicate lipid thickness (Fig. 11.4).
White light illumination and color camera capture reveal the full
spectrum of interference colors as seen by other systems for lipid
interference imaging.”®

The thickness of the tear film can be estimated with confocal
microscopy, as demonstrated by Prydal and Dilly.” By correlating
interference patterns with measurements taken on thin plastic films,
they estimated the thickness of the water layer to be 45 um in
humans and several other animal species.'® This measurement was
thicker than the previous estimates, indicating a much greater tear
volume than obtained with fluorophotometry.

Confocal microscopy of the epithelium represents one of the most
important areas of investigation.'' The surface of the epithelium can
easily be seen and is especially vivid in patients following corneal
transplantation for reasons that are not understood (Fig. 11.5). The
dimensions of the epithelial cells and the size and position of the
nucleus can be measured. Following desquamation, the smaller cells
underneath are revealed. The depth encoder available for some
confocal microscopes can measure the thickness of the epithelial



Figure 11.4. Interference patterns from the lipid layer generate
sharply demarcated interference patterns, which indicate lipid
thickness.

Figure 11.5. The surface of the epithelium can easily be seen and is
especially vivid in patients following corneal transplantation for
reasons that are not understood.

cells as well."” In inflamed conjunctiva, Langerhan’s cells may
sometimes be seen as dendritic reflective cells in the limbal and
conjunctival epithelium (Fig. 11.6). They are also frequently seen in
the cornea epithelium, near the limbus or diffusely following viral
infection.

Bowman’s layer can be visualized in some patients.” It is often
seen as a wavy and irregular layer with crevices and folds. The
details of Bowman'’s layer are often less easily visualized than other
structures in the cornea.

Corneal nerves underneath Bowman'’s layer are easily seen as
long branching structures with a width of approximately 5 um (Fig.
11.7). The sites where these nerves pierce Bowman’s layer and enter
the epithelium appear to be stationary, enabling observation of the
distal growth of corneal nerves in the epithelium. Corneal nerves
in the epithelium itself are considerably smaller than the subepithe-
lial nerve plexus and are much less easily seen."

Corneal stroma consists of a relatively dense meshwork of kera-
tocytes that have relatively long and thick processes in contact with
many other keratocytes in the vicinity."' These thin processes are

Figure 11.6. In inflamed conjunctiva, Langerhan’s cells may

sometimes be seen as dendritic reflective cells in the limbal and
conjunctival epithelium.

Figure 11.7. Corneal nerves underneath Bowman'’s layer are easily
seen as long branching structures with a width of approximately 5 um.

not seen with in vivo confocal microscopy but have been demon-
strated with laser scanning confocal microscopy in vitro."'® The
relative density of keratocyte cell bodies can be estimated and
demonstrated with three-dimensional reconstructions of stacked
optical sections."”

The endothelium can be seen in detail over a relatively wide area
using confocal microscopy even when the stroma is not completely
clear (Fig. 11.8)."" Details of the endothelial cells are similar to those
seen in high-quality specular microscopy.

The normal trabecular meshwork has not been visualized with in
vivo confocal microscopy. The confocal microscope can be used to
focus through the trabecular meshwork area; however, Schlemm’s
canal is not identifiable. The vascular supply to the limbus is easily
visualized, but individual trabecular meshwork cells cannot be
identified.

CLINICAL APPLICATIONS

ACANTHAMOEBA KERATITIS

The most significant clinical application of confocal microscopy has
been the identification of organisms causing keratitis, particularly
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Figure 11.8. The endothelium can be seen in detail over a relatively
wide area using confocal microscopy even when the stroma is not
completely clear. (From Cavanagh HD, et al. Clinical and diagnostic
use of in vivo confocal microscopy in patients with corneal disease.
Ophthalmology 1993; 100: 1444. © Elsevier 1993.)

Figure 11.9. The most significant clinical application of confocal
microscopy has been the identification of organisms causing keratitis,
particularly Acanthamoeba.

Acanthamoeba (Fig. 11.9). Chew and co-workers'® first reported in
vitro identification of Acanthamoeba keratitis in a rabbit. In 1994,
Auran and co-workers' reported the first case in a human using
confocal microscopy. That single case report identified a 26-um
diameter organism in the anterior stroma subsequently confirmed
histopathologically. Cavanagh and co-workers'' reported a similar
appearance in an animal model. Pfister and co-workers® reported
a single case in a human.

Winchester and co-workers?' reported eight cases of human
Acanthamoeba keratitis identified with confocal microscopy; in
each case, the highly reflective ovoid organisms were 10-25 um in
diameter located in the deep epithelium. Many other investigators
have since demonstrated the utility of identifying Acanthamoeba in
the corneas of patients with suspected Acanthamoeba keratitis and
using the instrument to follow the course of the disease. A larger
series demonstrated that the disease is more common than previ-
ously estimated.?” Most cases do not have the previously reported
association with contact lens use. Many cases are, however, associ-

Figure 11.10. Acanthamoeba organisms have been demonstrated
within an active dendrite.

ated with herpes simplex keratitis, and both infections may be
present in the same person.”” Acanthamoeba organisms have been
demonstrated within an active dendrite (Fig. 11.10). Although inter-
nal details of Acanthamoeba organisms can be visualized with
confocal microscopy, the instrument does not reveal sufficient detail
to enable the diagnosis to be made with certainty based on confocal
findings alone. Most physicians still use epithelial or stromal biopsy
or culture to make a definitive diagnosis.

Acanthamoeba keratitis often requires months of topical medica-
tion, and it can be difficult to evaluate when the organism has been
eradicated.”**® Confocal microscopy has made a major contribution
in the ability to identify when an organism has been eradicated
since repeated examinations can easily be performed.

FUNGAL KERATITIS

The diagnosis of fungal keratitis is another problem that has been
aided by confocal microscopy.'®” Branching hyphae in the deep
epithelium and stroma are relatively easy to identify, which enables
treatment to begin much sooner. Yeasts, such as Candida, which
usually do not form branching filaments, are much more difficult
to diagnose because they cannot reliably be discriminated from
inflammatory cells. As with Acanthamoeba, the efficacy of treat-
ment can be followed with repeated examinations.

BACTERIAL KERATITIS

Bacterial keratitis is much more difficult to identify with confocal
microscopy. Although the theoretical limit of resolution for the
instrument is actually better than standard white light microscopy
of fixed specimens, the practical application with video capture
using intensified CCD cameras, rapid motion of an in vivo subject,
and low light conditions make the practical resolution approxi-
mately 1 to 2 um. Because most bacteria are 0.5 [ in length or less,
it is generally impossible to see individual bacteria in the cornea.
Some organisms, however, are much larger, approaching the 2-um
range. These organisms probably can be identified with confocal
microscopy, as reported by Kaufman and co-workers.”® The inflam-
matory component, consisting of lymphocytes, macrophages, and
polymorphonuclear leukocytes, is readily identified in the area of
the keratitis. Dense infiltrates induce considerable light scattering
and reduce the visibility of deeper structures.
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Figure 11.11. Dendritic cells are found to intertwine with the
subepithelial nerve plexus to make a web-like pattern.

Microsporida may also be identified with confocal microscopy as
a series of small cellular structures and spheroid clumps in the deep
epithelium and anterior stroma. The appearance is quite character-
istic and can be confirmed with biopsy.”

VIRAL KERATITIS

Viral keratitis (herpes keratitis and epidemic keratoconjunctivitis)
has a characteristic appearance on confocal that can be used to aid
in the diagnosis. Dendritic cells are found to intertwine with the
subepithelial nerve plexus to make a web-like pattern (Fig. 11.11).
As the infection runs its course, these dendritic cells decrease in
density. This can be followed clinically as sign of recovery.”

CRYSTALLINE KERATOPATHY

Crystalline keratopathy is a bacterial phenomenon that is highly
invisible with confocal examination.*"*” Bacteria can form crystal-
line-like patterns or amorphous shapes as they colonize the cornea,
particularly following topical steroid use in corneal transplants (Fig.
11.12).”® The most common organism causing this phenomenon is
Streptococcus viridans, although many others, including fungi, also
produce this pattern. The crystals are very easily seen with confocal
microscopy and often are quite dramatic.’” They may, however, be
confused with deposits of cholesterol or other substances. This dis-
crimination is particularly important because often it is very diffi-
cult to obtain a sample of the organisms when they are located only
in deeper structures. Often, there is no active infection or epithelial
defect on the ocular surface. Prolonged application of an appropri-
ate antibiotic therapy can result in complete eradication of the
organism if the diagnosis is made early; otherwise, corneal re-
transplantation is often necessary.

DRY EYE SYNDROME/MEIBOMIAN
GLAND DYSFUNCTION

The appearance of the lipid layer can be correlated with tear film
function and disease states.** In seborrheic meibomian gland dys-
function with excess lipid production, large amounts of lipid are
usually expressible from the meibomian gland orifices. Confocal
microscopy of meibomian gland dysfunction shows large areas of
linear interference layers and pools of lipid. When meibomian

Figure 11.12. Bacteria can form crystalline-like patterns or
amorphous shapes as they colonize the cornea, particularly following
topical steroid use in corneal transplants. (From Wilhelmus KR,
Robinson NM. Infectious crystalline keratopathy caused by Candida
albicans. Am J Ophthalmol 1991; 112: 322. © Elsevier 1991.)

glands are expressed and the lipid viewed immediately after expres-
sion, this seborrheic pattern becomes more obvious as the lipid layer
thickens.

Patients with dry eye often have increased amounts of debris in
their tear film and relatively thin lipid layers. Sometimes they show
a reticulated pattern of fine lines quite dissimilar from the appear-
ance of seborrheic meibomian gland dysfunction. Normal eyes often
have a very thin lipid layer (100 um) despite low evaporation rates;
thus it would appear that meibomian gland function can be normal
with low evaporation without having a thick lipid layer. Patients
with obstructive meibomian gland dysfunction and diminished
amounts of lipid or those with very thick meibomian secretions
display increased amounts of debris in the tear film and a very thin
lipid layer.**

CORNEAL DEPOSITS

Confocal microscopy is not required to identify most foreign mate-
rial, as the foreign material is large enough to be seen with slit-lamp
microscopy. It may aid, however, in the identification of material
such as ciprofloxacin deposits.’® Their appearance as small, uniform
crystals with confocal microscopy is characteristic, as is the appear-
ance of amiodarone, in which many spheres 5-30 um in diameter
are dispersed through the deep epithelium without evidence of
inflammation. Iron deposits are 8-10 um, more densely packed, and
uniform in size (Fig. 11.13).

CONTACT LENS WEAR

The confocal microscope has been used to identify corneal changes
that occur in contact lens wearers. Eckard and co-workers used the
confocal to quantify changes to the corneal epithelium. Cell bodies
of superficial cells were smaller and consequently more dense.
Corneal epithelial thickness was decreased in the periphery. Hol-
lingsworth and Efron®* demonstrated an increase in microdot
opacities (thought to be lipofuscin) in rigid gas permeable lens
wearers relative to controls. Hamrah and co-workers®™ found
increased Langerhan cell density in both the central and peripheral
cornea in contact lens wearers relative to controls. The clinical
significance of these corneal changes is not known.*®
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Figure 11.13. Iron deposits are 8 to 10 u, more densely packed, and
uniform in size. (From Wilhelmus KR, Robinson NM. Infectious
crystalline keratopathy caused by Candida albicans. Am J Ophthalmol
1991; 112: 322. © Elsevier 1991.)

ASL: 15 uM

Figure 11.14. The redundant basement membrane is also identifiable
with confocal microscopy as wavy semitransparent material without
evidence of inflammation.

CORNEAL DYSTROPHIES

The normal basement membrane between the epithelium and Bow-
man’s layer is not identifiable with confocal microscopy. Basement
membrane dystrophy (also referred to as map, dot, fingerprint dys-
trophy, or recurrent erosion syndrome) has a thickened, irregular
basement membrane and epithelial microcysts usually identifiable
with slit-lamp microscopy. The redundant basement membrane is
also identifiable with confocal microscopy as wavy semitransparent
material without evidence of inflammation (Fig. 11.14). Additional
basement membrane material may form large cysts within the epi-
thelium, forming irregular patterns and whorls.

Meesman’s epithelial dystrophy can appear as whitish, moder-
ately reflective, spherical deposits 20 to 50 i in diameter, inter-
spersed with cysts in the midepithelium. The cysts can be as large
as 200 1 in diameter and contain degraded basement membrane
material. It is important to distinguish this from Acanthamoeba
keratitis, in which the organisms are smaller, are more uniform in
size, and show internal structure. With Meesman'’s dystrophy, there
is also an absence of inflammatory cells and bilateral symmetry.

The deposits in lattice, granular, and Avellino dystrophies are less
sharply demarcated than expected from slit-lamp microscopy."

ASL: 504 uM

Figure 11.15. In posterior polymorphous dystrophy, normal
epithelium is interspersed with nests of abnormal cells, forming
irregular patterns.

Amorphous material without characteristic shape or reflective
quality can be seen in the stroma. Macular dystrophy also shows
deposition of reflective material in the anterior and midstroma.

In Fuchs’ endothelial dystrophy, guttata can be identified in the
endothelium and, when epithelial edema is present, hollow cysts
in the basal epithelium 100 to 200 W in diameter.”’” The stroma does
not have a characteristic appearance.

In posterior polymorphous dystrophy, normal epithelium is inter-
spersed with nests of abnormal cells, forming irregular patterns (Fig.
11.15). The demarcation between the dystrophic and normal cells
is usually distinct.

Examination of Fleck dystrophy reveals small, discrete, amor-
phous shapes in the deep stroma. These shapes have the semblance
of large keratocytes, suggesting that this may in fact be what they
are. There is an absence of inflammation, and the other keratocytes
otherwise appear normal.

CORNEAL GRAFT REJECTION

Confocal microscopy has been used to investigate corneal
graft rejection.”® In rabbits, corneal transplant rejection appears as
inflammation in the graft and is especially pronounced around
sutures. This application has not been useful to evaluate corneal
graft rejection in humans as the response appears to be relatively
nonspecific and can be easily evaluated with other modalities.

WOUND HEALING

Confocal microscopy is particularly useful to investigate wound
healing.*® The cell migration and general reparative process can be
studied in vivo with repeated observations to assess the progress
over time.***' Keratocyte infiltration and wound gape have been
measured following radial keratotomy type wounds.”>* Epithelial
and endothelial migration following various types of injury have
also been assessed.**

REFRACTIVE SURGERY

The effects of photoablative keratectomy have also been investi-
gated and the resulting epithelial and stromal thickness changes
measured.” Confocal microscopy is uniquely suited to measuring



ASL: 108 uM

Figure 11.16. Confocal microscopy can also be used to accurately
assess flap depth. Cuts made with the microkeratome leave behind
microscopic metal fragments.

Rights were not granted to include this figure in electronic media.
Please refer to the printed book.

Figure 11.17. In cases of known scleritis an increased number of
rolling leukocytes is seen along the vessel walls relative to controls
and allergic patients. (From Lim L, Hoang L, Wong T, Mathers WD,
Rosenbaum JT. Intravital microscopy of leukocyte-endothelial
dynamics using the Heidelberg confocal laser microscope on patients
with scleritis and allergic conjunctivitis. Mol Vis 2006 Oct 26; 12:
1302-1305.)

epithelial thickness following photorefractive keratectomy. Epithe-
lial thickness has been shown to decrease following photoablation,
and the effect appears to persist.'” Following photorefractive kera-
tectomy, keratocytes appear activated and fewer in number with
increased haze in the area of ablation.'* Over 6 months, they
return to a more normal appearance and density. Preliminary studies
have been done on the keratocyte density following in situ ker-
atomileusis, but the technique has not been used to full advantage
as yet.'®

Confocal microscopy can also be used to accurately assess flap
depth. Cuts made with the microkeratome leave behind microscopic

Cc

Figure 11.18. At least six different morphologies of keratic
precipitates have been differentiated based on their confocal
appearance. (From Wertheim MS, Mathers WD, Planck SJ, et al. In
vivo confocal microscopy of keratic precipitates. Arch Ophthalmol
2004 Dec; 122(12): 1773-1781.)
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metal fragments (Fig. 11.16). These fragments are easily detectable
in the interface with the confocal. The flap thickness and residual
stromal thickness can be determined, thereby aiding in surgical
planning if retreatment is necessary. The interface created by the
femtosecond laser is less easy to find."

SCLERITIS/UVEITIS

Conjunctival and scleral vessels are easily examined with the confo-
cal microscope. In cases of known scleritis, an increased number of
rolling leukocytes is seen along the vessel walls relative to controls
and allergic patients (Fig. 11.17).* Keratic precipitates are readily
visible with confocal microscopy. At least six different morpholo-
gies of keratic precipitates have been differentiated based on their
confocal appearance (Fig. 11.18).” It is promising that the keratic
precipitate morphology may aid in diagnosing the etiology of the
underlying inflammation.

FUTURE STUDIES

Confocal microscopy extends our vision beyond that achieved with
current magnification. It is hardware and software dependent, and
advances will rely on future improvements in camera technology
and computer power. Limitations now imposed by low light levels
and the need for rapid multiple image acquisition are the next
obstacles to overcome. Current levels of computational power have
improved to such an extent that high-resolution images can be
captured in real-time, digitized, and stored without excessive
expense. Problems with digital image storage will continue;
however, continual improvements in disk storage should keep up
with demand. As processing power continues to evolve, video reso-
lution can be increased correspondingly. Eventually, very high-
resolution video will be captured in real time without destructive
compression.

Another technique of considerable future importance is the use
of fluorescein markers for identification of pathogens and physio-
logic and biologic processes. Confocal microscopy can be modified
to incorporate filters for fluorescent microscopy. This application
has already been reported in preliminary animal studies. Current
methods and low light conditions still limit this application;
however, these difficulties can and should be overcome. Eventually,
confocal microscopy may represent a method of diagnosing a wide
variety of pathogens and biologic conditions in the cornea rapidly,
safely, and with minimal expense.
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Specular microscopy

Ronald A. Laing

A primary concern in evaluating corneal tissue before surgery or
before its use as donor tissue in penetrating keratoplasty is the
condition of the corneal endothelium, the region of the cornea that
is primarily responsible for the maintenance of normal corneal
thickness, turgor, and transparency. Through changes in cell mor-
phologic characteristics, the corneal endothelium reflects stresses
and strains that have been placed on the cornea. Thus, any mor-
phologic changes seen in the endothelium are indicative of the
current status of the endothelium and its functional reserve, the
ability of the endothelium to respond favorably to unexpected
stress.

Specular microscopy is a method of evaluation that allows, in
either a clinical or eye bank setting, for the direct observation of
the corneal endothelium. Other tissues that may be seen with the
specular microscope include the corneal epithelium, the cells of the
crystalline lens, various types of ocular debris, inflammatory cells,
and optically reflecting structures. The optical principles of specular
microscopy' and the evaluation of corneal endothelium using spec-
ular microscopy” have been described. Also, several reviews of the
general field of ocular specular microscopy have been published.’*”
In many respects, the information obtained in specular microscopy
of the corneal endothelium is similar to that received from scanning
electron microscopy, but specular microscopy has the distinct
advantage of allowing the observation to occur in the living cornea
without inflicting any damage to the cornea. If desired, serial obser-
vations may be made to observe morphologic changes over time in
the same cornea. In addition, the specular microscope allows for
the observation of reflecting structures within the cells that cannot
be discerned with scanning electron microscopy.

The importance of determining the viability and functional
reserve of the corneal endothelium before penetrating keratoplasty
makes specular microscopy a valuable tool as a noninvasive, non-
damaging method of endothelial cell evaluation.®® Combining the
specular microscope, either a clinical specular microscope or an eye
bank specular microscope, with appropriate computer and software
enables rapid quantitative and statistical analysis of the state of
the corneal endothelium, instant photographs and reports, and the
ability to send photographs, endothelial analysis data, and other

data over the Internet to other physicians or to centralized analysis
centers.

PRINCIPLES OF SPECULAR MICROSCOPY

The specular microscope is an optical reflection microscope that
reflects a slit of light from the cornea and allows observation of
this specularly reflected beam. In this context, the term ‘specular
reflection’ refers to the situation where, as with a mirror, the angle
the reflected beam of light makes with the reflecting surface is equal
to the angle that the incident light beam makes with the reflecting
surface.

Because of its design, the specular microscope does not allow
nonspecular light rays to be observed, so that the image that is seen
is attributable solely to the specularly reflected light rays.

Figure 12.1 shows a simplified optical design of the specular
microscope. As is seen in Figure 12.1, a projected slit is focused
onto the posterior endothelial surface by an objective lens. The light
that is reflected from this surface is collected by the same objective
lens and is focused onto a focus plane, generally either a film plane
or sensor of a video camera, or it may be directly observed by the
examiner. An image of the posterior surface is seen at the focus
plane and is directly viewed, captured on photographic film, or
displayed on a video monitor screen. By focusing the specular
microscope at places other than the posterior corneal surface, one
may observe various other reflective surfaces. For example, by
focusing the instrument on a plane within the stroma, one may
detect the presence of ghost vessels, typically seen as linear refrac-
tile structures, nerve fibers, and so forth.

In the normal endothelial image, one sees the cells as having dark
cell borders and bright cell surfaces. The reason for this appearance
is illustrated in Figure 12.2, which shows the nature of the specular
reflection from various types of endothelial surfaces: smooth, rough,
wavy, and with excrescences, respectively. In each case, the ray
indicated as 1 reflects from a ‘flat’ portion of the surface and is
specularly reflected directly into the objective lens, thus causing the
surface to appear as a bright structure to the observer. The rays
indicated as 2 are specularly reflected from a curved part of the
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Figure 12.1. Optical principles of the eye bank specular microscope. A slit of light is focused onto the surface of interest (normally posterior
endothelial surface). Specularly (mirror-like) reflected light rays are focused onto the film plane. In general, image at the film plane can be
viewed with a viewing ocular lens or seen on a real-time video monitor.

C D

Figure 12.2. Nature of specular reflection from various types of posterior endothelial surfaces. Surfaces shown are: A, smooth; B, rough;

C, wavy; and D, a posterior endothelial surface containing an excrescence. In each figure, cell boundary is denoted by CB; ray denoted as 1 is
collected by objective lens of specular microscope and results in a bright area on film, whereas ray denoted as 2 is not collected by objective
lens and result is a dark region on film plane. DB, dark boundary as seen on specular micrographs.
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surface and as such are not collected by the objective lens. Therefore
curved surfaces, such as the cell borders, the sides of rough areas,
and the sides of an excrescence, appear dark to the observer. Thus
in specular microscopy, the normal endothelial cell having a smooth
surface appears as a bright circle surrounded by a dark border. If,
instead of a smooth surface, the cell has a rough surface, the inside
of the cell will have a granular appearance with the spacing between
the granular dark regions being indicative of the degree of the
roughness of the surface. As may be seen in the Figure 12.2, D,
isolated corneal guttae appear as roundish dark structures with a
central bright spot, which marks the apex of the excrescence.

CLINICAL AND EYE BANK
SPECULAR MICROSCOPES

Depending on the objective lens used, the specular microscope
may be either a contact microscope, in which the front of the objec-
tive lens touches the cornea, or a noncontact microscope, in
which there is an air space between the front of the objective
lens and the cornea. As is true of all optical microscopes, the resolu-
tion (sharpness) of the image and the optical sectioning ability
depend on the numerical aperture (NA) of the objective lens. Contact
specular microscopes generally have objective lenses with an
NA that is higher than that of noncontact instruments such that
the image quality obtained is somewhat better with contact
instruments.

Clinical contact specular microscopes somewhat inhibit eye
motion, thus reducing motion artifacts in the image. Contact instru-
ments also enable stromal, epithelial, and lens epithelial cells to be
observed and generally give a readout of the corneal thickness. In
the past few years, several noncontact instruments have been devel-
oped that have the advantage of not having to touch the cornea.
A typical clinical noncontact specular microscope that was recently
developed is shown in Figure 12.3.

Eye bank contact specular microscopes can and have been used
for observation of the corneal endothelium in the whole globe.
However, most modern eye banks prefer to observe the cornea after
it has been excised and placed in storage media. In such cases,
contact objective lenses cannot be used because the cornea cannot
physically be placed in contact with the objective lens. Again, the
resolution and optical sectioning ability of the eye bank specular
microscope depend on the NA of the noncontact objective lens, and
these can often be improved for older instruments by changing the
objective lens to one of the newer designs that are now available.
Eye bank specular microscopes used for observing the cornea in eye
bank storage chambers have been popular, and observation in
chambers remains the most common method of endothelial obser-
vation. A typical eye bank specular microscope for observing the
cornea in storage chambers is shown in Figure 12.4. This and similar
instruments allow observation of the corneal endothelium, epithe-
lium, and stroma either in whole globes (using a contact objective
lens) or in excised corneas in storage chambers (using a noncontact
objective lens). The instrument shown allows the cornea to be tilted
about its center of curvature, allowing observation of the peripheral
and the central endothelium. Because the optics head is mounted
to a rigid column, a variety of cameras may be attached to the unit
without concern for the weight of the camera. Often, both direct
observations and documentation of the image on film or display of
the image on a video monitor are used concomitantly. Recently
there has been renewed interest in observing the cornea in the vials
in which storage media is supplied.

Figure 12.3. Typical modern clinical noncontact specular microscope.
This instrument, the LSM-12000, allows both video and 35-mm film
images of the corneal endothelium to be obtained. (Courtesy of Bio-
Optics, Inc., Portland, OR.)

TECHNIQUES OF EYE BANK
SPECULAR MICROSCOPY

Most eye banks store corneas at 4°C either in special plastic eye
bank chambers or in glass vials. At this temperature, the endothelial
fluid pump is relatively inactive, the cornea is somewhat edematous,
and the endothelial surface has lost its normal smoothness. For most
corneas, the endothelium is not easily seen at 4°C and must be
warmed to 25°C for observation. Figure 12.5, A shows the appear-
ance of the corneal endothelium at 4°C, and Figure 12.5, B shows
the corneal endothelium after warming to room temperature. Note
that there is a noticeable abnormality in the appearance of the
endothelial cells of the cornea at 4°C, yet the cells appear normal
after warming to room temperature. The warming time required to
obtain a good endothelial image can be highly variable, ranging
from 45 min to more than 2 h. The reasons for this variability are
currently unknown. As the cornea warms to room temperature, the
endothelial pump becomes reactivated, pumps fluid out of the
swollen stroma, and restores the corneal endothelium to its nor-
mally smooth shape. In the absence of epithelial trauma resulting
from the excision process, corneas having a shorter warming time
may be expected to have a more active endothelial pump than those
having a longer warming time and thus are ‘better’ corneas.
However, the barrier function of the corneal epithelium is extremely
sensitive to manipulation during excision so that there may be dif-
ferences in the ‘leakiness’ to fluid of the epithelium of different
donor corneas. The cycle of cooling, warming, and recooling of
donor corneas has been shown to have no adverse effects on the
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Figure 12.4. Eye bank specular microscope. Various magnifications
and modes of operation are possible when objective or ocular lens
are changed. As well as high-resolution direct observation, this
instrument allows for real-time viewing on a video monitor, hard-copy
documentation on 35-mm, Polaroid, or other film type, and recording
of image obtained on videotape. This instrument also has capability of
direct input of image into a computerized morphometric analysis
system. (Courtesy of Bio-Optics, Inc., Portland, OR.)

metabolic or morphometric parameters of the cornea, even when
warmed and cooled each day for 7 days."

TECHNIQUES OF CLINICAL
SPECULAR MICROSCOPY

In clinical specular microscopy, the technique used depends on the
particular instrument that is used. In all cases, however, the basic
technique is to align the instrument to the patient’s eye so that the
conditions for specular imaging are obtained.

NECESSARY CONDITIONS FOR
NORMAL OBSERVATION OF THE
CORNEAL ENDOTHELIUM

As with any microscope, the endothelium being observed must be
at the correct distance from the objective lens (the working distance)
so that its image is in focus on the focus plane of the specular
microscope. In addition, to see sharp cell borders, the corneal endo-
thelium must satisfy the conditions of specular imaging as described
above. For eye bank specular microscopes and clinical contact
specular microscopes, this essentially requires that the region of the
endothelium being observed be perpendicular to the optic axis of
the objective lens. For clinical noncontact instruments, this essen-
tially requires that the region of the endothelium being observed
be perpendicular to the line bisecting the optic axis of the illuminat-
ing objective and the optic axis of the light-collecting objective.

As one progressively focuses the specular microscope toward the
endothelial surface and beyond it, there is light reflected back into
the specular microscope that is minimal when the focus point is far
from the endothelial-fluid interface and is maximal at this interface.
The corneal endothelium is located at the point of maximum
reflected light level. It is unlikely, however, that the image seen will
resemble, at least to the inexperienced user, anything remotely
similar to the appearance of the endothelial cells in the photographs
in this book. At this point, the cell borders may not be visible
because the conditions necessary to see the specular image have
not yet been met. With practice, the nonspecular image is easy to
recognize as an amorphous, low-contrast image that moves as
the chamber or vial (for the eye bank specular microscope) or the
microscope itself (for the clinical specular microscope) is moved
laterally. To visualize the cell borders, the instrument must be
aligned so as to observe the specular image as described in the
previous paragraph. When this is completed, the cell borders become
apparent, and the normal corneal endothelial image can be seen.

FACTORS AFFECTING IMAGE QUALITY

A variety of factors affect the quality of the image seen with the
specular microscope including the NA of the objective lens.
Advances in the design and manufacture of objective lenses in the
past few years have made possible lenses that give considerably
improved image quality as compared with lenses manufactured
some years ago. In addition, it is very important that the front
surface of the objective lens be clean. A slight oily film, possibly
resulting from someone rubbing their finger across the lens to wipe
off dust or from mascara, on the front of a clinical objective lens
can degrade the image considerably. For eye bank specular micro-
scopes, the condition of the plastic or glass between the corneal
endothelium and the objective lens is very important. Optical distor-
tions in these materials can adversely affect the image quality. Such
distortions may arise in the manufacturing process or be the result
of heat changes in the plastic top of eye bank chambers because of
heat shrinking the protective seal onto the chamber. It is important
to cover the specular microscope with a dust cover when it is not
in use to minimize the possibility that the lenses become contami-
nated and dirty. A regular cleaning and alignment of the specular
microscope by the factory every 2 to 3 years may be appropriate
to ensure that the specular microscope is giving the best possible
images.

IMAGE CAPTURE, STORAGE,
AND ANALYSIS

In past years most corneal endothelial images were captured on
photographic film and analysis was performed on enlargements
from the photographic negatives. The film and the enlargements
can be easily stored to provide documentation of the endothelial
image should this subsequently be required for legal or other
reasons. Although photographic film is still used in some clinics,
most specular microscopes sold today capture video images that can
be instantly seen on a video monitor screen; and with the avail-
ability of the personal computer and frame grabbers, computerized
image capture, image enhancement, and image analysis systems
have been developed.” One such system that has been available and
in wide use for many years is the Bambi endothelial evaluation
system (Bio-Optics, Inc., Portland, OR), which is now only a
Windows-based systems, as shown in Figure 12.6. The latest system,



Figure 12.5. Appearance of corneal endothelium at
different temperatures: A, 4°C; B, room temperature.

o33 9 3
o,
-‘E"?fhb‘w -

* {,s"v.'b"a I."'
e ua-i"."

Adoosouoiw Jejnoads :z | J4o1deyn

Figure 12.6. Bambi 97 computerized system for endothelial image documentation and analysis. This system captures and digitizes the

endothelial image. The normally low-contrast image can then be contrast enhanced and analyzed to obtain the cell count and other

morphometric parameters characterizing the corneal endothelium. The endothelial image can be printed out on a laser printer, stored on

computer disk, and sent via the Internet to another location. A database is maintained of images and numerical and clinical (or eye bank) data. 109
Letters and reports can be generated containing the image obtained. (Courtesy of Bio-Optics, Inc., Portland, OR.)
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Bambi 2500, allows direct video input of the endothelial image from
the video specular microscope or, alternatively, by scanning 35-mm
negatives or enlargements. This system enables the user to enhance
the normally low-contrast endothelial image rapidly, and to obtain
the cell count and other morphometric data from the image. Deter-
mination of such evaluation parameters as cell density, degree of
pleomorphism, and polymegathism is easy and fast. The image can
be stored digitally on the local computer or sent to a server so that
the endothelial image can be viewed in any other computer. Letters
and reports that can include the endothelial image can also be
generated with this system. The images and screen displays can be
sent to other programs, such as Microsoft PowerPoint, for presenta-
tions. The data obtained are stored in a database that is expandable
to allow the user to add additional data or to merge into an existing
database. Such a computerized analysis system speeds up the entire
process of specular microscopic endothelial evaluation and provides
additional information not obtainable by manual methods of
evaluation.

If the images are stored along with the morphometric data, then
after a sufficiently large database is obtained, these data can be
analyzed to obtain information concerning such things as possible
risk factors and contraindications for procedures and to compare
the relative efficacy and safety of new procedures.

QUALITATIVE EVALUATION OF THE
CORNEAL ENDOTHELIUM

The specular microscopic image of a young, normal endothelium is
shown in Figure 12.7. The cells are similar in size and shape, with
no abnormally dark or bright structures being apparent and no
evidence of inflammatory cells or adherent debris. The cell density
is between 2000 and 3500 cells/mm? on the corneal surface. This
is an ideal image of the endothelium of a donor cornea. In practice,

the appearance of the endothelium of most donor corneas cannot
be expected to be this good. In the older cornea and in corneas that
have undergone various types of prior trauma or disease, the endo-
thelium has a much different appearance. For the donor cornea,
factors contributing to a change from normal include time from
death to preservation, whether the eyelids were closed after death,
whether any light ice packs were applied to the lids of the donor,
trauma inflicted on the donor, trauma resulting from the excision
procedure, and so forth. For the clinical cornea, factors contributing
to changes from normal appearance include trauma, exposure to
environmental pollutants, corneal dystrophies, and so forth.

Ideally one would prefer that a corneal endothelium, either from
a donor cornea or a patient’s cornea, has endothelial cells that are
uniform in size, shape, and appearance. In practice, however, a
variety of cell sizes (polymegathism) and shapes (pleomorphism)
and abnormally bright or dark structures are encountered (Figs
12.8-12.10).

For corneas that are in the process of healing or recovering from
certain types of stress, the processes of cellular coalescence' ™" and
cellular mitosis'* can occur. In the first case, the coalescing endo-
thelial cells appear as shown in Figure 12.11. In this process, a
common cell border between two cells disappears, and the two cells
fuse into a single cell. Although it is not presently known if this
would contraindicate the use of the cornea in transplant, prudence
dictates that, as long as other suitable tissue is available, corneas
exhibiting such cells should not be considered for use in penetrating
keratoplasty. It has been reported that corneas with considerable
polymegathism or pleomorphism have an increased incidence of
postoperative decompensation'® and have a reduced functional
reserve.'® These studies indicate that donor corneas with such find-
ings should not be used in transplant surgery. These findings in the
clinical environment would indicate that one should be cautious
with any ocular procedures performed on such a patient.

w191

Figure 12.7. Appearance of young, normal endothelium at room temperature viewed at different magnifications. Cells are hexagonal and

uniform in size and appearance.



Figure 12.8. Various abnormal
endothelial cell shapes, arrows:

A, stretched; B, scalloped; C, large;
rounded; D, small, rounded; E, square;
F, triangular.

As shown in Figure 12.12, one may observe corneal guttata on
examination with the specular microscope. Cornea guttata has been

reported to reduce endothelial function or functional reserve,'”'®

and for this reason any cornea showing significant guttae should
not be considered as acceptable for use in transplant surgery and
should be treated gently during ocular surgery.

Bacteria and inflammatory cells are easily seen under the specular
microscope. Bacteria are observed as small, bright twinkling objects
whose shape and position rapidly change. Inflammatory cells have
a similar appearance but are slower in their motions than bacteria.
The presence of either bacteria or inflammatory cells (see Fig. 12.9,
H) probably indicates contamination of either the storage media or
the cornea, and as such would contraindicate the use of such a
cornea for transplantation.

Other abnormal appearances are indicative of disease states (Figs
12.13 and 12.14) when seen under the specular microscope. Such
corneas should not be considered for transplantation use.

QUANTITATIVE EVALUATION OF THE
CORNEAL ENDOTHELIUM

A variety of methods have been developed to obtain quantitative
information about the state of the corneal endothelium. In early
studies, what became known as fixed frame cell counting was used.
This method was subsequently modified to allow fixed frame cell
counting to be done on a computer, generally with a mouse being
used to draw the frame and to mark the cells. This method was
shown to have very large and unpredictable errors unless the
number of cells completely inside the frame was very large in
comparison to the number of ‘border cells’, i.e. those cells that
were cut by one of the borders of the frame.” Since this is seldom
the case, fixed frame cell counting should seldom be used these
days.

A method of eliminating the ‘border errors’, i.e. those errors due
to not knowing how much of the area of the border cells were
inside, or outside, the frame was solved by the variable frame cell
counting method' in which a frame border is traced around a group
of cells such that all cells inside the frame are whole cells—the frame
does not cut any of the cells in the group. The number of cells
inside the frame is divided by the area of the frame to determine
the cell count. With the use of personal computers and endothelial
images on monitor screens, this method became easy to implement
since the frame could be drawn with a mouse and the cells inside
the frame could be marked and counted by clicking the mouse when
the cursor was inside the frame. The variable frame cell counting
method remains the most accurate and reliable semiautomated
method for obtaining a cell count. It does not, however, provide
information about the distribution of cell sizes in the sample being
studied and the method is tedious to perform if the number of cells
in the sample is large. To reduce the time required and tedium of
drawing a frame and marking the cells, as well as to be able to
obtain statistical information about the cell sample, several methods
for automated cell counting and analysis have been developed. As
might be expected, some give more accurate and reliable results
than others. Probably the most difficult aspect of developing an
automated method is the complex nature of the endothelial image.
When looked at casually, the cells all seem to have clean, dark, and
unbroken borders. If looked at more closely, that is far from the
case for most endothelial images. Some borders have ‘missing
border points’ and/or places where a clear border between two
apparently adjacent cells is unclear. This problem essentially elimi-
nates the use of many of the standard automated image analysis
methods that programmers are familiar with. In some cases, a
‘medical’ decision has to be made as to whether or not an elongated
cell with a faint or partially missing interior border is one large and
irregular cell, a coalescing cell,"""" or two individual cells. This
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Figure 12.9. Various abnormal intracellular and
intercellular structures: A, isolated smooth
excrescences (cornea guttata); B, multiple
coalesced guttae; C, pigment deposits and
linear structures; D, bright structures
(presumably nuclei); E, adherent pigment
deposits; F, central cilia; G, large, dark
structure; H, inflammatory cells.

Figure 12.10. Abnormal corneal
endothelium showing a ‘reformation figure’
(double arrow) believed to be indicative of
endothelial repair by sloughing and cell
sliding. Also seen is a cluster of ‘smaller’
cells (single arrow), probably resulting from
mitosis. Large, multisided cells seen are
believed to have resulted from coalescence
of cells.



Figure 12.11. Abnormal corneal endothelium showing
endothelial cells in the process of ‘healing’, or recovering
from stress, by process of cell coalescence. The cell
border (arrow) was seen to disappear over time.
Endothelium exhibits pronounced polymegathism and
pleomorphism.

Figure 12.12. Abnormal appearance of
corneal endothelium resultant from Fuchs’
dystrophy. Notice guttae, seen as irregular,
dark patches.

Figure 12.13. Abnormal appearance of
corneal endothelium as seen in patients
with posterior polymorphous dystrophy.
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Figure 12.15. Screen shot of the results of Bio-Optics automated cell
count and analysis program, AutoCount, in which a cell count of 2367
cells/mm2 for a sample of 161 cells was obtained in less than 1 s.
(Courtesy of Bio-Optics, Inc., Portland, OR.)

decision should be made by a trained medical professional and
should not be determined a priori by a programmer who generally
has minimal understanding of the complexity of the corneal endo-
thelial image. One of the fully automated methods for endothelial
cell analysis is the AutoCount program used in Bambi 2500. Figure
12.15 shows a screen shot of what is displayed for a typical endo-
thelial image from the Bio-Optics LSM2100C Eye Bank Specular
Microscope. A total of about 200 cells were marked, the red round
marks denoting cells ‘inside’ the variable cell count frame, and the
purple triangular marks denoting cells ‘outside’ the frame and thus
not counted in the determination of cell count. The AutoCount
program marked the 200 cells and drew the cell borders in less than
1 s. To mark 200 cells manually and then draw an external border
around a group of 150 cells takes about 100 s, or more. In practice,
the accuracy with which the cells are marked should always be
checked, and corrected if necessary, to make sure that there is one,
and only one, mark per cell. With AutoCount this might take an
additional 3-5 s after which time an accurate cell count is calcu-
lated and displayed, again in less than 1 s.

If accurate statistical information is desired about the endothelial
mosaic, then there must not only be one, and only one, mark per

Figure 12.14. Effects of heterochromic
cyclitis on corneal endothelium as seen in
a specular photomicrograph.
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Figure 12.16. Screen shot showing the cell density histogram from
the image shown in the previous figure. (Courtesy of Bio-Optics, Inc.,
Portland, OR.)

cell but the marks must be in the centers of the cells. This should
always be checked. With AutoCount it is easy to eliminate a mark
that is in the wrong place and add one that is correctly in the center
of the cell. Again the time taken to do a recount is less than 1s. A
variety of statistical information and reports can also be obtained.
Figure 12.16 shows a screen shot of a cell density histogram showing
that the distribution is quasi-normal but with a rather long tail at
the higher density levels. Figure 12.17 is a screen shot showing a
‘colorized’ view of the endothelial image with ‘normal’ cells being
colored gray, cells ‘larger’ than normal being colored red, and cells
‘smaller’ than normal being colored blue. Such displays are useful
in studying localized trauma of the corneal endothelium.

As instrumentation improves and images with larger numbers of
cells are obtained, the automated cell counting and analysis pro-
grams become even more valuable. Figure 12.18 is a screen shot of
an image obtained with the Bio-Optics LSM2200C/E2 Eye Bank
Specular Microscope. AutoCount marked almost 700 cells, 491 of
them being ‘inside’ cells, drew the cell borders, and calculated the
statistical parameters of the image in less than 1s. To mark this
number of cells manually would take about 7 min and it is doubtful
that anyone would want to do this more than a few times before
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Figure 12.17. Screen shot showing a ‘colorized’ image from the
image shown in the previous figure. (Courtesy of Bio-Optics, Inc.,
Portland, OR.)
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Figure 12.18. Screen shot showing the results of Bio-Optics
AutoCount program in which a cell count of 2316 cells/mm? for
a sample of 491 cells was obtained in less than 1 s. (Courtesy of
Bio-Optics, Inc., Portland, OR.)

finding another line of work. This figure also shows two things that
any automated, semiautomated, or manual method of cell counting
must do if it is to give accurate and valid cell counts. In the upper
left of the image is an area in which cell borders cannot be seen.
In AutoCount this area is excluded from the frame area that is used.
In the past, this has sometimes not been appreciated and has
resulted in many invalid cell counts being calculated and used.
Whatever method is used to obtain a cell count, any area in which
cell borders cannot be seen must be excluded from the analysis used
or else the cell count will be too small and invalid. The second thing
shown in Figure 12.18 is the black object, probably due to a piece
of lint on the image sensor. In this case this artifact did not interfere
with the cell borders being seen and drawn automatically, and any
automated cell counting system used should also have the feature
of not giving invalid results due to lint, dust, or similar image
artifacts.

Whatever automated cell counting and analysis system is used,
it is important that the user has a way of checking to determine

the accuracy of the analysis. Although computers can do numerical
calculations very rapidly and accurately, all automated analysis
programs, by necessity, make assumptions about the nature of the
endothelial pattern being analyzed. If the assumptions made by
the programmer are correct for the endothelium being analyzed
then the cell count will be correct. If they are not, then the cell
count will be incorrect and invalid. The user should always have
a way of seeing the intermediate results from the computer and
have a way of correcting them so as to get a valid count. Of
concern in cell counting and analysis is the question as to whether
enough cells have been counted to obtain a valid number. The
conventional wisdom has long been that 100 cells are needed to
reduce the errors of the counting method used to an acceptable
value. As discussed above, the counting errors depend upon the
method used, the fixed frame method having much larger counting
errors than the variable frame, and AutoCount methods, for the
same number of cells counted. Another issue is whether or not
the number of cells in the image analyzed is sufficient to char-
acterize that part of the endothelium that is of interest, i.e. the
central endothelium, the superior endothelium, the entire endothe-
lium, etc. The Bio-Optics MICS (Multiple Image Cell Statistics)
program enables data from multiple images to be merged and
analyzed as a whole and provides statistical parameters of the
multi-image sample. A recent program, Cells Analyzer® also pro-
vides this ability and also calculates the statistical significance of
the sample. Although for general clinical or eye bank use such
programs may not be necessary, they are essential for research
applications in which detailed endothelial changes with time and/or
treatment are needed.

EVALUATION CRITERIA

The presence of an abnormal, or ‘bad-looking’, corneal endothelium
most likely indicates that the cornea is functionally deficient and
compromised. Such characteristics of an abnormal endothelium, as
seen by specular microscopy, are:

1. An endothelial cell density less than 1500 cells/mm?. (In general,
corneas whose only flaw is a low cell density still present the
risk of a continued cell loss,”" which could ultimately lead to a
density low enough for corneal decompensation.)

2. Severe polymegathism or pleomorphism of the endothelial cell
pattern.

3. Presence of corneal guttata.

Presence of many abnormally shaped cells, such as those seen
in coalescence.

5. Abnormal single-cell defects.

6. Extensive areas of severe edema.

7. Presence of inflammatory cells or
endothelium.

8. Presence of ghost vessels in the stroma.

bacteria on the

The age of the cornea appears to be of secondary importance
in determining the health and functional reserve of the tissue. An
older cornea having a high endothelial cell count, low degrees of
polymegathism and of pleomorphism, and a normal overall appear-
ance is most likely functionally superior to that of a younger cornea
that has a lower cell density or exhibits an abnormal appearance.
Specular microscopy, especially when used with computerized mor-
phometric analysis, proves to be extremely useful in the evaluation
of corneas from older patients because it allows for the determina-
tion of suitability of the tissue for ophthalmic procedures or for use
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in transplantation, rather than an arbitrary decision based on age
alone.

ANTICIPATED CHANGES

At the time of writing (December 2006), the current specular micro-
scopes available generally use video cameras or Charge Coupled
Device (CCD) sensors that output a standard video signal. The cell
counting and analysis systems input this video signal via a cable
that leads to a computer frame grabber. Standard video signals are
constrained to have only 480 vertical lines (in the USA) and this
standard limits the resolution of current endothelial images. Such
images characteristically have a resolution of about 0.25 megapixels
(MP). At the present time there is considerable activity in the devel-
opment of high definition television, with 1080 vertical lines and
in digital camera sensors with resolutions of up to 12 MP. It can be
expected that such technology will be utilized by the major manu-
facturers of specular microscopes and cell counting and analysis
systems in the near future. Another activity that can be expected
to alter our field is the rapid expansion of WiFi and WiMax net-
works around the world. By the publication date of this book, it
may well be that higher resolution images will be obtained on very
high-resolution sensors and sent wirelessly to a server and/or note-
book computer for cell counting and analysis and perhaps even to
a counting and analysis center in a different part of the country.
Although the instrumentation may be better, the underlying accu-
racy and validity of the obtained cell counts and analysis will still
be limited by the complex nature of the corneal endothelial image,
and the skill and knowledge of the user in understanding what is
seen in those images and how to correct for possible incorrect
assumptions made by the computer software.

SUMMARY

The specular microscope is a valuable tool for use in the evaluation
of the corneal endothelium. In the eye bank, specular microscopy
can be used to identify corneas that are functionally deficient or
that have a marginal functional reserve so that such corneas are
not used for human transplantation. Specular microscopy can thus
help to improve the quality of the tissue used in penetrating kera-
toplasty and to reduce the number of grafts that fail. In the clinic,
specular microscopy can be used to evaluate the function and
functional reserve of the cornea, as a tool in diagnosing various
corneal disease states, to demonstrate that no untoward trauma has
resulted from an ocular procedure, and to observe and better under-
stand the wound healing process after surgery.
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INTRODUCTION

Ophthalmologists have long appreciated that the inherent proper-
ties of the cornea—such as curvature, astigmatism, rigidity, and
hydration—can affect the quality and accuracy of intraocular pres-
sure (IOP) measurements using Goldmann applanation tonometry
(GAT). Goldmann tonometry is a static measurement calculating
10P, using the Imbert Fick Principle, from the force applied during
a steady-state applanation of the cornea." Goldmann applanation
assumes that the cornea has a standard thickness and behaves
biomechanically as an infinitely thin and perfectly flexible mem-
brane. In reality, Goldmann IOP measurements are filtered through
the viscoelastic characteristics of the cornea, influenced by inter-
individual corneal variations, and can be substantially affected by
corneal surgery.

In 1975, Ehlers et al” showed that eyes with thinner corneas had
lower Goldmann pressures compared to manometry, while thicker
corneas had higher GAT IOP than manometric reading in the same
eyes. Recently, the relationship between central corneal pachymetry
(CCT) and GAT IOP measurement has been highlighted by the Ocular
Hypertension Treatment Study,” which showed an inverse correla-
tion between CCT and the risk for developing glaucomatous damage.
Several investigators have suggested linear algorithms to ‘correct’
Goldmann IOP measurements based upon CCT.* However, the basis
for linear correction of IOP is fraught with potential error, as there
is only a weak correlation between GAT and CCT (R* = 0.06 to 0.17)
in normal eyes.*®

Corneal biomechanics reflects more than central pachymetry. For
example, GAT generally decreases following a number of surgeries
(i.e. radial keratotomy and hyperopic laser in situ keratomileusis
(LASIK)) where there is little change in CCT but profound changes
in corneal rigidity.*® Attempts at linear ‘correction’ of Goldmann
tonometry based on CCT can, in fact, be in the wrong direction in
select cases.'”'" More accurate measurement of IOP, in theory,
requires instruments that perform dynamic, rather than static,
applanation measurements and therefore assess and compensate for
corneal biomechanics. This is particularly important in eyes with
altered structure and biomechanical properties, such as those with
corneal ectasias (keratoconus and pellucid marginal degeneration),

Fuchs’ dystrophy, or following incisional or ablative corneal
surgery.'” We review below the definitions of biomechanical metrics
and their impact on tonometry—a subject that encompasses the
effects of corneal hydration, regional pachymetry, viscoelasticity,
and other inherent corneal characteristics that may not yet be fully
defined.

GENERAL PRINCIPLES OF
CORNEAL STRUCTURE

The structural characteristics of the cornea facilitate its essential
functions, specifically to serve as both a transparent barrier and
the predominant refractive element of the eye. Given the integral
relationship between form and visual function, the biological and
mechanical responses of the cornea to surgical interventions impact
its optical performance.'>'* While major advances have occurred in
the refinement and standardization of corneal surgical techniques,
our ability to compensate for individual biological responses
to surgery remains limited and can influence the predictability and
stability of visual outcomes after corneal surgery. Further under-
standing of these factors provides the basis for improving outcomes
and reducing complications of corneal surgery, by identifying indi-
vidual response outliers and developing strategies for regulating or
compensating for these biomechanical features.'

The cornea is a complex composite (of collagen, proteoglycans,
water, and salts) with nonlinear elastic and viscoelastic properties.
It is characterized by important local variation in organization in
central versus peripheral and anterior versus posterior architecture.
Swelling studies have shown that the interlamellar adhesive strength
of the central cornea depends upon proteoglycan bonding, whereas
branching and interlacing of lamellae provides additional adhesive
strength peripherally (Table 13.1)."® Changes in the proteoglycan
matrix may explain the increased pliability of the central cornea in
keratoconus and may potentially impact the corneal response to
keratorefractive surgery, contact lens wear, and tonometric testing."”
The anterior-most stromal lamellae have oblique branching and
interweaving fibers that insert into Bowman’s layer.'"® Because of
these features, the anterior stroma swells less and is about 25%
stiffer than its posterior counterpart.'” These findings suggest that
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peripheral and/or posterior incisional surgery may have less of a
profound impact on corneal biomechanics than anterior, central
surgery. Mathematical modeling of such a complex system is there-
fore quite difficult, but begins with identification of intrinsic prop-
erties of corneal tissue, as described below (Table 13.2).

METRICS OF CORNEAL BIOMECHANICAL
PROPERTIES

Elasticity (Young’s modulus, E ) is an indicator of material stiffness,
with a higher modulus corresponding to a stiffer material. Elasticity
can be calculated by determining the stress applied to a material
(force per unit cross-sectional area) divided by the resultant strain
(i.e. change in the material’s length divided by the unit starting

Table 13.1 Local Variation in Corneal Lamellar Ultrastructure

Collagen Lamellae in the Peripheral Cornea:
Greater number

Greater branching and interlacing

Circumferential orientation

Greater resistance to swelling

Collagen Lamellae in the Anterior Cornea:
Anterior strands insert into Bowman'’s layer

Greater proteoglycan bonding centrally

Greater stiffness than posterior cornea

length). This ratio of stress to strain (i.e. elasticity), measured in
Pascals, can be thought of as a measure of the material’s resistance
to a change in length. For example, a metallic rod would have a
higher modulus than a wooden rod (Fig. 13.1). A perfectly elastic
material returns to its original form when an external stress is
withdrawn in a completely reversible and symmetric manner, i.e.
along the same stress—strain pathway.” Elasticity is traditionally
measured exr vivo with an extensiometer that records the force
generation required during steady axial elongation of a tissue
sample. The slope of stress (force per unit cross-sectional area,
measured in Pascals) over strain (the change in length divided by
the starting length) is calculated for a representative portion of the
curve. A linear approximation can be obtained from the instanta-
neous slope of the stress-strain curve (tangent modulus) or as a
chord between two points on the curve (secant modulus). Whereas
ex vivo dissection of strips of human cornea and application of
weights to cause elongation has allowed the estimation of regional
strain characteristics, such in vitro modeling has been difficult to
translate into in vitro correlates.?'** Other methods, such as elec-
tronic speckle pattern interferometry and dynamic corneal imaging
following indentation,'>* may be better suited for in vitro studies
of corneal biomechanics and elasticity. These will be discussed in
detail in a later section.

Viscoelasticity extends the biomechanical response of biological
tissues into complex mathematical descriptions of viscous fluids,
where responses are time and rate dependant.”® Viscoelastic materi-
als return to their pre-stress shape via different stress-strain path-
ways that depend upon loading rates. Viscoelastic properties can be
described through metrics of hysteresis, stress relaxation, and creep.
Viscoelastic creep is a time-dependent elongation of tissue (or
increasing strain) that occurs under a sustained or constant stress

Table 13.2 Descriptors of Corneal Biomechanical Properties

Stress: Force per unit cross-sectional area, measured in Pascals.

units of measure but can be expressed as a percentage.

to a strain that approaches its equilibrium value slowly.

correlate to central pachymetry.

constant stress causes increasing strain.

Elasticity (also known as the Young’s modulus, modulus of elasticity, or elastic modulus): A measure of the stiffness of a given material,
defined as the ratio of the rate of change of stress with strain and can be measured as the instantaneous slope of a stress-strain curve.

Strain: The change in length of a material divided by its original length. Strain is positive if the material has gained length during the
application of an external force or tension, but can be negative if it has reduced length (compression) during this process. Strain has no

Viscoelasticity: Property of a material that has the ability to store energy of deformation and in which the application of a stress gives rise

Hysteresis: In general terms, hysteresis refers to the lag between making a change, such as increasing or decreasing power, and the
response or effect of that change. Using the Ocular Response Analyzer ORA, corneal hysteresis is the difference between intraocular
pressure measured during the two applanation events produced by compression of the cornea with a collimated air pulse (CH = P1 — P2).

ORA corneal resistance factor: An ocular response analyzer metric that is derived as a linear combination of P1 and P2 to maximally

Creep: A situation where there is a slow change in the dimensions of a material from prolonged stress, such that application of a step

Stress relaxation: A situation in which strain is held constant while a slow, quantifiable time-dependant decrease in stress is observed.
Shear strength: The maximum stress which a material can withstand without rupture or splitting into two parts that slide past each other.

Ocular rigidity: A measure of the resistance which the eye exerts to distending forces, described by pressure-volume calculations that
relate the change in intraocular pressure to the change in intraocular volume.

Ocular pulse amplitude: The difference in intraocular pressure between systole and diastole (IOP systolic — IOP diastolic) measured by the
Pascal Dynamic Contour Tonometer. This may be a marker for ocular rigidity.
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Figure 13.1. The influence of structural and material properties on the
ability to deform the cornea. Bending a single chopstick is usually
easy. However, bending three of the same type of chopsticks at once
is much more difficult (top row). Hence, a larger deformation will be
generated for thinner corneas given the same applied force. This
partially explains the underestimation of IOP in eyes with thinner
corneas. In contrast, it requires greater pressure to applanate or
indent a thicker cornea, which contributes to overestimation of IOP in
eyes with thicker corneas. Similarly, much more force is required to
bend a steel rod than a wooden rod of the same dimensions (middle
row). The difference in this case is the elastic properties of the
material, specifically Young’s modulus. Steel has a much higher
Young’s modulus (w200 000 MPa) than wood (w10 000 MPa);
therefore, if all other parameters are the same, it is much harder to
deform a steel structure than a wooden structure. Corneal curvature is
another variable that can affect the accuracy of IOP measurement,
possibly because of the difference in the volume of the displaced fluid
after a given area is flattened (bottom row).*’

(such as IOP).”® The effect of creep is a reduction in effective tissue
stiffness, which can lead to a decrease in resistance to stretch. Creep
may be a precursor to ectasia, where stressed collagen fibrils undergo
a pathologic weakening without an initial change in length. Once
the collagen fibrils are weakened, a gradual stretching then occurs
under constant stress or IOP. Viscoelastic stress relaxation refers to
a situation where strain is increased then held constant (no more
tissue elongation) while a slow but quantifiable time-dependent
relaxation of the load is observed (Fig. 13.2).

Hysteresis, in general, is a property of physical and biological
systems that do not instantly follow the forces applied to them but
react slowly or do not return completely to their original state.”®
Hysteresis describes a lag between making a change, such as
increasing or decreasing power, and the response or effect of that
change. Whereas a rubber band can be described as elastic because
it springs back to its original shape at the same rate as when it is
stretched, a putty exhibiting viscoelastic behavior quickly assumes
a new shape when pushed upon but will not immediately return to
its original shape when the mechanical pressure is released. In broad
terms, corneal hysteresis can be thought of as a metric of the ability
of the cornea to absorb energy.

Volumetric distension experiments provide a measure of whole
globe stiffness, or ocular rigidity. The slope of a pressure-volume
curve can be recorded during such experiments. Ocular rigidity is
nonlinearly dependent upon IOP and has been shown to increase
with age.” The utility of metrics describing ocular rigidity may be
limited with respect to their impact on the understanding of corneal

surgery, given the contributory role of the scleral and uveal tissue
to ocular rigidity.

New techniques for in vivo measurement

of corneal biomechanical properties and
intraocular pressure

While ex vivo diagnostic techniques, such as extensiometry, have
provided valuable information on the biomechanical nature of
normal and pathological corneas,” a new era is dawning in biome-
chanical research with the development of techniques to measure
structural and biomechanical properties in vivo. Imaging of the
cornea can now be performed by confocal microscopy, very high
frequency ultrasound,” optical coherence technology, and holo-
graphic interferometry.’®’' Dynamic corneal imaging uses stepwise
central indentation of the cornea and computer analysis of video-
keratography images during indentation to assess corneal elastic
properties in vivo.”

Alternative techniques that dynamically derive IOP from corneal
movement in response to a rapid air pulse stimulus simultaneously
assess and compensate (to varying degrees) for the effect of the
cornea’s viscous and elastic qualities on IOP measurement. The
Ocular Response Analyzer (ORA; Fig. 13.3, Reichert Ophthalmic
Instruments, Depew, New York, USA)' utilizes a metered collimated
air pulse to applanate the cornea and an infrared electro-optical
system to record inward and outward applanation events. The air-
pulse deforms the cornea through an initial applanation event (peak
1), then beyond into concavity and then gradually subsides, allow-
ing the cornea to rebound through a second applanation (peak 2).
Corneal hysteresis (CH; Fig. 13.4) is defined as the difference
between the applanation pressure at peak 1 (P1) and peak 2 (P2),
so that CH = P1 — P2. Whereas corneal hysteresis may reflect mostly
corneal viscosity, corneal resistance factor (CRF, defined as a linear
combination of P1 and P2, weighted for P1 and maximal correlated
to CCT) may predominantly quantify corneal rigidity. The ORA
provides an IOP-G (Goldmann-equivalent) IOP reading, based upon
a linear regression formula compared to GAT, and an IOP-CC
(corneal compensated) IOP, based upon a regression (P2 — 0.43 x P1)
of measurements from normal and postrefractive surgery patients.

Pascal Dynamic Contour Tonometry (PDCT; Swiss Microtechnol-
ogy AG, Port, Switzerland) employs a concave tip (Fig. 13.5) to
‘contour match’, rather than applanate, a convex segment of the
central cornea and thus may be relatively independent of the effects
of CCT or surgical intervention on I0P assessment.’”?** The instru-
ment dynamically records over 100 IOP measurements per second,
measuring IOP fluctuations throughout the cardiac cycle and digi-
tally displaying the average diastolic IOP. Ocular pulse amplitude
(OPA), the difference in IOP between systole and diastole (IOP sys-
tolic — IOP diastolic), is also reported and may be a marker for
overall ocular rigidity,”” although it is also affected by ocular blood
flow.

Another dynamic or rebound tonometer (RBT; Tiolat Oy, Helsinki,
Finland) comprises an assembly of two coils coaxial to a probe shaft
that bounce a magnetized probe off the cornea and detect the
deceleration of the probe caused by the eye. A change in voltage
at the two ends of the coil generates a magnetic field, which is
detected by the tonometer sensor. The inverse of the probe’s decel-
eration speed seems to correlate with the IOP.*® Clinical evaluation
demonstrated that RBT gives higher IOP readings than GAT and is
also dependent upon CCT.*®

The Proview (Bausch € Lomb, Rochester, New York, USA) eye-
pressure monitor is based on the principle that pressure applied to
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Figure 13.2. Experiments illustrating elastic and viscoelastic properties in a 7-mm, full-thickness horizontal corneal strip from a 63-year-old
donor. Elliptical polarization allows visualization of nonhomogeneous internal stresses. Progressive stretching of the sample (1, 2, and 3) and
measurement of the induced load (stress) allows calculation of the elastic (Young’s) modulus from the slope of the stress—strain relationship.
The relationship is nonlinear. A second experiment in which a constant displacement is imposed in the same sample demonstrates time-
dependent stress relaxation, a viscoelastic property of biological soft tissues (4 and 5).%°

Infrared
electro-optical
system B

Air pulse

Infrared optical ~ Applanated
system cornea

Figure 13.3. The Ocular Response Analyzer utilizes a collimated air
pulse to applanate the cornea. Courtesy of D. Taylor, Reichert, Inc.

the sclera generates a self-perceptible visual phenomenon, known
as a phosphene spot. The threshold pressure for creating a phos-
phene spot may be used to estimate IOP. The tip of the tonometer
is pressed against the closed eyelid, and the pressure is recorded
when the patient detects the phosphene. The Proview method may
be useful for patients with corneal abnormalities that may interfere
with accurate pressure measurements and may avoid artifact related
to corneal thickness. The accuracy of the instrument in the clinical
setting requires further investigation.*”*

BIOMECHANICS AND
INTRAOCULAR PRESSURE

It appears that corneal shape is not determined on a random basis,
but results from a steady-state balance between the biomechanical
properties of the cornea and I0P.*' The cornea assumes the shape
for which its potential energy content is minimal (i.e. for which its
stromal fibrils are in a relatively relaxed state) as a function of
variables such as tissue elasticity, thickness, fibril length, and rate
of change of IOP. Physiologic corneal stresses (such as from normal
blinking or diurnal variation in IOP) and nonphysiologic corneal
stresses (such as from forceful lid closure or rubbing) may poten-
tially impact the corneal shape. However, normal corneas have been
found to show low extensibility, measured by changes in anterior
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Figure 13.4. The waveform generated from the Ocular Response Analyzer identifies the pressure difference, or hysteresis, during inward (peak
1) and outward (peak 2) applanation events during noncontact tonometry.*°

Figure 13.5. The Pascal Dynamic Tonometer utilizes ‘contour-
matching’ to measure intraocular pressure via a microchip at the
tonometer tip.

surface sagittal height, for a wide range of physiologic conditions
in order to maintain refractive stability, even with marked eleva-
tions in IOP.” Conversely, when corneal biomechanical properties
are altered via incisional surgery such as radial keratotomy, diurnal
variation in IOP can lead to fluctuation in corneal refractive power
by greater than 1 D.*°

Increasing attention has focused on the impact of corneal param-
eters, particularly central corneal thickness, on the measurement of
IOP.* IOP measurements have been demonstrated to vary with CCT
using the Goldmann applanation,”” pneumotonometry,” and non-
contact tonometry.** The deformation of the cornea during applana-
tion is determined by an interaction of the external applied force
with the intrinsic properties of the cornea. With the same applied
force, a larger deformation will be produced for less rigid corneas.
This partially explains the underestimation of IOP in eyes with

thinner corneas. In contrast, it requires greater force to applanate
a more rigid cornea, partially explaining the overestimation of IOP
in eyes with thicker corneas. The clinical implications of this obser-
vation are seen in the classification of patients as normals, ocular
hypertensives, or with low-tension glaucoma. A number of studies
have found a significant difference in the mean CCT of these three
groups. After adjustment of GAT by regression algorithms for CCT,
several studies have suggested that a third of low-tension glaucoma
eyes can be reclassified as having primary open angle glaucoma.
With similar adjustment factors, 30-65% of ocular hypertension
eyes can be reclassified as normal.*®*® It is possible that a larger
percentage of misclassification errors may be found if biomechani-
cal metrics other than CCT are also taken into account and pro-
perties are also taken into account when correcting GAT IOP
measurements.

It is clear that tonometry is affected by biomechanical properties
not fully measured by CCT. Liu and Roberts* attempted quantita-
tively to analyze the influence of corneal biomechanical properties
on GAT IOP measurements through a mathematical model. The
authors analyzed the separate influence of CCT, radius of curvature,
and modulus of elasticity on IOP measurements obtained by appla-
nation tonometry. They demonstrated a nonlinear relationship
between CCT and IOP, and between corneal radius of curvature and
IOP readings. Steeper curvature has a more significant impact on
IOP accuracy than a flatter curvature. Theoretically, the steeper the
corneal curvature, the more the cornea must be indented to produce
the standard area of applanation. Therefore, more force must be
applied, increasing the indicated value of IOP. This may have impor-
tant implications in differences in the IOP measurement error after
hyperopic photoablation than following myopic keratorefractive
surgery. Furthermore, Liu and Roberts concluded, based upon their
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Figure 13.6. Distribution of hysteresis values in 339 normal (pale gray)
and 60 keratoconic (dark gray) eyes. Mean hysteresis for normal and
keratoconic eyes was 9.6 and 8.1 mmHg, respectively.'

mathematical model of tonometry, that variations of the elasticity
of the cornea within a range predicted to occur in a normal popula-
tion would result in an error of IOP measurement even higher than
the one induced only by variations in corneal thickness.

Using the Ocular Response Analyzer, CH has been reported to
range from 5.0 to 18.7 mmHg in normal eyes, with a mean hyster-
esis of 9.6 to 12.7 mmHg.'"'**® Hysteresis values did not show a
statistical difference in a cohort of 21 normal patients between right
and left eyes, with a mean difference of 0.4 mmHg (p > 0.08).** CH
appears to be relatively insensitive to diurnal effects, although
intrasubject variations have been observed. The correlations of CCT
with CH and CRF were 0.59 and 0.62, respectively, in one study of
normal eyes.'' Lower hysteresis has been associated with visual field
progression in a glaucomatous population.*

Martinez-de-la-Casa et al,”® in a study of 48 eyes, showed that
both I0OP-G (r = 0.460, p = 0.001) and IOP-CC (r = 0.442, p = 0.001)
correlated significantly with CCT, but not with corneal curvature or
refraction. Pepose et al,'’ in a cohort of preoperative LASIK patients,
confirmed a statistically significant correlation between IOP-G and
CCT (r=0.322, p < 0.01), although they suggested a nonlinear rela-
tionship. They did not find, however, a significant association
between I0P-CC and CCT. Similarly, Medeiros and Weinreb,”' in a
univariable regression, did not find a significant correlation of IOP-
CC to CCT (p = 0.106), corneal curvature (p = 0.112), or axial length
(p=0.117). IOP-CC measurements, in their cohort, were signifi-
cantly associated with age (p = 0.044). Patients with thicker corneas
tended to have higher GAT measurements compared with I0P-CC,
whereas with thinner corneas had lower GAT readings than I0OP-CC.
In a multiple regression model, GAT, CCT, and corneal curvature
each positively correlated with CRF.

Corneas with keratoconus (Fig. 13.6), Fuchs’ dystrophy and
postrefractive surgery demonstrate a general decrease in corneal
hysteresis compared to corneas in normal eyes.'” The low corneal
hysteresis in the Fuchs’ eyes is seen despite unusually thick, but
edematous, corneas. However, the large 95% confidence interval of
corneal hysteresis seen in normal controls has considerable overlap
with diseased and postsurgical corneas, limiting its diagnostic value
as a single metric in individual cases. What may turn out to allow
better diagnostic differentiation are the significant changes seen in
applanation waveform in diseased or postsurgical corneas. Kerato-
conic and post-LASIK corneas appear to have similar applanation
signal morphology, indicating reduced or low corneal viscoelastic
properties in both cases (Fig. 13.7). Investigations to quantify mor-
phologic characteristics of the ORA waveform are now underway
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Figure 13.7. ORA applanation signal in keratoconic and post-LASIK
eyes shows depressed applanation peak amplitudes and altered
applanation peak widths: A, Case 1-4 are from keratoconic eyes;

B, pre- and post-LASIK waveforms show a decrease in hysteresis
postoperatively, along with reduced applanation peak amplitudes;

C, waveform post penetrating keratoplasty shows marked alternation
in the applanation signal, with increased noise during the applanation
events.'



that attempt to extract additional corneal biomechanical informa-
tion. Corneal hysteresis may be useful as a qualification factor for
LASIK in corneas that have similar CCT but display significantly
different waveform properties. Thus, the ORA waveform, along with
the derived biomechanical metrics of corneal hysteresis and resis-
tance factor, may provide a more complete characterization of
corneal biomechanical properties than corneal thickness alone and
is perhaps a better tool for assessing refractive surgery qualification
and outcomes.

Corneal biomechanical properties appear to have only a limited
effect on PDCT measurements. Several investigators have shown
that PDCT IOP does not significantly correlate with CCT, including
after keratorefractive laser surgery, and are higher than with GAT
(as well as ORA)."" A possible explanation for this is that the PDCT
was calibrated against a manometrically controlled pressure stan-
dard. Manometric studies by Feltgen et al®* indicate that the Gold-
mann [OP measurement averages 1.2 mmHg lower than manometry
in human eyes in vivo. The OPA is a parameter affected by both
ocular rigidity and ocular blood flow. Ocular rigidity has been
reported to be reduced in enucleated pig eyes following corneal
ablation (Pallikaris IG—ESCRS presentation, Lisbon, Portugal, 2005).
In human patients, OPA was not significantly affected by LASIK,
although it is unclear how potential changes in ocular rigidity or
blood flow impact OPA measurements following photoablation
in vivo.

CONCLUSION

A review of the biomechanical features of the cornea reveals
complex interactions that influence the measurement of IOP.
Dynamic tonometers may provide multiple metrics that may be
combined with advanced structural and functional diagnostic
imaging techniques to develop mathematical models of the visco-
elastic features of the normal and postsurgical cornea during IOP
measurement. As our understanding of these processes improves,
so will our ability to offer rational interventions and strategies for
further improving the predictability of keratorefractive surgery and
may lead to a paradigm shift in the management of glaucoma.
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PART 3: Ocular surface surgery and reconstruction

Anesthesia for corneal surgery

Jerry G. Ford, John W. Reed

Prior to the 19th century, the only anesthetic available was a drink
of brandy or a bullet to bite, making ocular surgery quite difficult.
After the introduction of ether and nitrous oxide as general anes-
thetics in the mid-19th century, ocular surgery became much less
stressful, but severe coughing and vomiting upon awakening caused
many postoperative complications. A major breakthrough came in
1884 with the introduction of topical cocaine by Koller, and by the
turn of the century ophthalmologists were primarily using repeated
applications of topical cocaine as anesthesia for ocular surgery.'
By the 1930s and 1940s in the USA, retrobulbar anesthesia was
replacing topical anesthesia as the preferred method of anesthesia.”
Recently, much has been written about returning to the use of
topical anesthesia alone for many types of ocular surgery.

The decision to use general, local, or topical anesthesia is based
upon many factors: the age, health, anxiety level, and cooperative
ability of the patient; the technical difficulty and duration of the
surgery to be performed; and the setting in which the procedure is
to be performed. The surgeon’s experience with one type of anes-
thesia or another also is a factor in the decision-making process.
This chapter discusses the different types of anesthetic agents and
modes of delivery for surgical procedures of the cornea.

GENERAL ANESTHESIA

General anesthesia has the benefit of complete immobility of the
patient as well as complete anesthesia. This benefit allows for a
more relaxed pace and eliminates stressful situations, such as when
a patient suffers anxiety from being under sterile drapes, becomes
restless with a lengthy procedure, or continues to blink with incom-
plete lid akinesia, thereby creating posterior pressure on the globe
during ‘open sky’ procedures.

The disadvantages of general anesthesia include increased turn-
over time; increased labor and overall costs;’ risk of intraoperative
contamination of the operative field with nasal secretions;* increased
incidence of postoperative nausea, sore throat,” and urinary reten-
tion;’ slower recovery time; and, possibly, an increased physiologic
stress to patients with systemic disease.’

General anesthesia is commonly achieved by a combination of
different agents, such as inhalation anesthetics, narcotics, sedative-

hypnotics, and muscle relaxants. Varying amounts of each agent
can be individualized to fit the particular situation. The minimum
alveolar concentration (the minimum concentration of anesthetic
that allows complete anesthesia in 50% of patients) of some common
inhalation anesthetics is listed in Table 14.1.

General anesthesia may result in greater physiologic stress to the
patient. Studies have shown that patients undergoing ocular surgery
under general anesthesia have higher plasma adrenalin, cortisol,
and glucose levels than those being managed under local anesthe-
sia.® The metabolic control of blood glucose of noninsulin-depen-
dent diabetic patients undergoing cataract surgery has been shown
to be better when local rather than general anesthesia is used.” One
study of healthy, elderly patients undergoing cataract surgery who
were randomly assigned to receive general or local anesthesia
showed a greater incidence of transient hypoxia and more marked
fluctuations of blood pressure and heart rate in the general anes-
thesia group, but there were no differences in significant adverse
events or cognitive function 3 months later.” In addition, studies of
patients with cardiovascular disease undergoing carotid endarter-
ectomy or peripheral vascular bypass surgery randomly assigned to
receive local or general anesthesia have shown no significant dif-
ference in (or even a reduced incidence of) adverse outcomes in
patients in the general anesthesia groups.®’ In healthy patients,
general anesthesia appears to have no greater risk than local anes-
thesia, but when systemic disease is present, the risk versus method
of anesthesia choice is less clear.

LOCAL ANESTHESIA

Table 14.2 compares ester and amide injectable anesthetic agents,
including onset and duration of action, dosages, and toxicity. The
ester agents are of lower toxicity, but their short duration of action
limits their use in ophthalmic surgical procedures. The amides (e.g.
lidocaine and bupivacaine) have a longer duration of activity and
are used very commonly in ophthalmic procedures, but they have
greater toxicity. Central nervous system (CNS) toxicity, which is
generally seen first, is manifested initially by CNS stimulation fol-
lowed by CNS depression. However, with bupivacaine, CNS depres-
sion may occur without signs of excitation. Stimulation of the CNS
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may be manifested by restlessness, apprehension, euphoria, tremors,
twitching, and seizures. Hypotension, severe respiratory depression,
and stupor may follow, representing depression of the CNS. Cardio-
vascular effects are seen with high systemic concentrations. Effects
on the heart include a decrease in electrical excitability, conduction
rate, and force of contraction. Early signs of cardiovascular involve-
ment include hypertension, tachycardia, and arrhythmias. Later
signs include bradycardia and hypotension.>'

Hypersensitivity reactions to the local anesthetics are infrequent.
Sensitivity to the amide-linked agents has been reported to be rare."
However, type IV hypersensitivity reactions to any of the local
anesthetic agents can occur, ranging from contact dermatitis to an
anaphylactic reaction with hives and angioneurotic edema. Cross-
sensitivity does not exist between the amide and ester groups.'’

MODES OF DELIVERY

Subconjunctival anesthesia is obtained using a syringe with a 26- or
30-gauge needle for injection of 2% lidocaine with or without

Table 14.1  Minimum Alveolar Concentrations of Inhalation
Anesthetics

Anesthetic Minimum Alveolar Concentration (%)
Halothane 0.75

Methoxyflurane 0.16

Enflurane 1.68

Nitrous oxide 105+ 35

Fluroxene 3.4

Isoflurane 1.15

From Gravlee GP. General anesthetics. In: Tolmie JD, Birch AA, eds.
Anesthesia for the Uninterested. Rockville, MD: Aspen Publishers;
1986.

epinephrine or 0.75% bupivacaine just beneath the conjunctiva (Fig.
14.1). This approach provides excellent anesthesia for procedures
such as removal of conjunctival or corneal intraepithelial neoplasia
as well as small pterygia, conjunctival biopsy, or other similar
procedures. Globe penetration may occur with this route of
delivery.

Intracone (retrobulbar) injection is a safe and effective method
for excellent ocular anesthesia and akinesia. It was first described
by Knapp'” in 1884, but it did not gain widespread use until the
1930s and 1940s.” The technique described by Atkinson™ in 1948,
with a few modifications, has become the most commonly used
technique for local anesthesia in ophthalmic surgery” (Fig. 14.2).
The needle is introduced through the skin at the inferotemporal
orbit with the globe positioned upward and inward, thereby moving
the inferior oblique muscle out of the way; as described by

Figure 14.1. The superior conjunctiva is injected with a 25-gauge
needle.

Table 14.2 Local Anesthetics

Concentration (%) Onset (min)

Ester group

Procaine 1-2 2-8

Chloroprocaine 1-2 2-12

Amide group

Lidocaine 0.5-2 4-6
2-3°

Bupivacaine 0.25-0.75 5-30

Mepivacaine 1-2 3-5

Prilocaine 1-3 3-8

Etidocaine 0.5-1 3-5

MAXIMUM DOSE

Duration (h) (mg/kg) (Total mg) Toxicity
0.5-1.0 10-15* 1000 Low to moderate
0.5-1.2 10-20* 1000 Low
1.0-1.5 3-4 300 Moderate
7° 500
3-12 2-3 200 Moderate
2-3 7-8 550 Moderate
1.5-3.0 8-10 600 Moderate
>5 4 300 Moderate

5.57 400? Moderate

From Crandall DC. Pharmacology of ocular anesthetics. In: Tasman W, Jaeger EA, eds. Biomedical Foundations of Ophthalmology. Philadelphia: Lip-

pincott-Raven; 1995.
#With epinephrine.
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Figure 14.2. Inferotemporal intracone (retrobulbar) block. A and D, Views from front; B and E, views from lateral side; C and F, views from
above (27-gauge, 31-mm sharp disposable needle). The asterisk (*) represents the injection site. The figure represents the transcutaneous (A-C)
and transconjunctival (D-F) approaches. The approaches are similar except the lower lid is retracted in the transconjunctival method. The globe
is in primary gaze. The needle tip enters at the lower temporal orbit rim, slightly up from the orbit floor (A) and very close to the bone. The
needle track passes initially backwards in the sagittal plane (C) and parallel to the orbit floor; that is, with a 10° elevation from the transverse
plane (B) until the midshaft of the needle has reached the plane of the iris and the needle tip has passed the globe equator (B, C). (If the needle
were advanced further in the sagittal plane, contact with the lateral wall of the orbit would occur.) Following this step, the needle is directed
with medial and slightly upward components (D) aiming for an imaginary point behind the globe on the axis formed by the pupil and the
macula, so that the needle tip approaches but does not pass the midsagittal plane of the globe (F). The needle enters the intracone space by
passing through the intermuscular septum just inferior to the lower border of the lateral rectus muscle (E). The globe is observed continuously
during needle placement to detect globe rotation that would indicate engagement of the sclera by the needle tip. During needle placement,
continuing observation of the relationship between the needle/hub junction and the plane of the iris establishes an appropriate depth of orbit
insertion (E, F). In a globe with normal axial length, as illustrated, when the needle/hub junction has reached the plane of the iris, the tip of the
needle lies 5-7 mm beyond the hind surface of the globe (E, F). After test aspiration, up to 4 mL of anesthetic solution is injected very slowly.

Atkinson, the needle is then directed to the orbital apex. Other
authors fear that this technique puts the needle in close approxima-
tion to the optic nerve, posterior portion of the eye, and ophthalmic
artery, and therefore recommend that the needle be directed to the
inferior part of the superior orbital fissure."*' To minimize compli-
cations, a blunt retrobulbar needle no longer than 35 mm has been
recommended,'®'” although many ophthalmologists use a sharp 25-
gauge, 32-mm (1.25-inch) needle. The most common complication
is retrobulbar hemorrhage, with an incidence of 0 to 1% with a
blunt needle and as high as 5% with a sharp needle.>'® Other com-
plications include perforation of the globe.” Various studies have
shown an incidence of ocular penetration of less than 0.1% for eyes
with an axial length of less than 26 mm and an incidence of less
than 1% for eyes with an axial length of greater than 26 mm.*
Optic nerve injury,'® retinal vascular occlusion,””” and strabismus™
are other reported complications. Injection into the subdural space
has been hypothesized as the mechanism causing contralateral

amaurosis, brainstem anesthesia with apnea, and cranial nerve
palsies*?® and has been demonstrated to occur following the injec-
tion of radio-opaque dye during positive-contrast orbitography.”
Wittpenn and co-workers,” in a prospective study comparing 2 or
4% lidocaine with 0.75% bupivacaine in 3123 retrobulbar injec-
tions, found that 4% lidocaine had a significantly higher incidence
of respiratory arrest (0.79% vs 0.09%). They hypothesized, as an
alternative theory to direct injection into the optic nerve sheath,
that the total amount of anesthetic agent placed in the retrobulbar
space was an important risk factor for respiratory arrest. Systemic
absorption via intrarterial injection is another theory proposed to
explain these CNS and cardiovascular problems.?

Peribulbar injection was introduced as a method to achieve anes-
thesia and akinesia with less risk than that from retrobulbar injec-
tion.”' The first stage of the technique, using 1% lidocaine with
epinephrine, began as a 0.5-mL subcutaneous injection just above
the inferior orbital rim and a finger-breadth distance from the
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Figure 14.3. Inferotemporal pericone (peribulbar) injection. A, View from front; B, view from above; C, view from lateral side (transcutaneous
injection); D, view from lateral side (transconjunctival injection). The globe is in primary gaze and the asterisk (*) is the injection site. A 27-gauge,
20-25-mm sharp disposable needle enters the orbit at the junction of its floor with the lateral wall (A) and very close to the bony rim. The
needle passes backwards in a sagittal plane (B) and parallel to the orbit floor (C, D), passing the globe equator to a depth controlled by
observing the needle/hub junction reach the plane of the iris (B). After test aspiration, up to 10 mL of anesthetic solution may be injected slowly
(single needle technique) or up to 5 mL (if combined with complemental pericone block). The technique is equally applicable to the

transcutaneous (C) or transconjunctival (D) route.

lateral canthus, followed by 0.5-mL injection into the orbicularis
muscle and 1-mL injection into the anterior orbit. A similar injec-
tion was given just inferior to the supraorbital notch. The second
stage included use of an Atkinson 23-gauge, 32-mm (1.25-inch)
blunt retrobulbar needle to inject a 1-mL mixture of 0.75% bupi-
vacaine and 1% lidocaine into the anterior orbit and an additional
1 to 2 mL at the equator of the globe as the needle was directed
along the inferior orbit. Then, just below the supraorbital notch, the
same amount was deposited into the anterior orbit and adjacent to
the equator of the globe. Others have reported variations of this
technique, including using a 25- or 26-gauge, 16-mm (0.5-inch)
needle to deliver 5-7 mL of anesthetic in the inferotemporal orbit
with sufficient pressure being placed on the syringe to place the
needle at or behind the equator of the globe®® (Fig. 14.3).

Peribulbar block appears to be as effective or better than retro-
bulbar block in achieving anesthesia and akinesia.**** The complica-
tions of this technique are the same as retrobulbar block,'**** but
because the needle is placed in a more anterior location, the com-
plication rate may be lower.>"?%*’

Sub-Tenon’s infiltration, a mode of obtaining complete ocular
anesthesia and akinesia without risk of globe perforation or other

risks of retrobulbar injections, has been reintroduced (Fig. 14.4).
This goal is achieved through a small conjunctival incision, by blunt
dissection into one quadrant to obtain access below Tenon’s layer
for direct instillation of anesthetic agent as described by Turnbull®®
in 1884. Stevens® reported a variation of this technique that uses
a blunt-tipped cannula to inject into sub-Tenon’s space by way of
a small conjunctival incision in the inferior nasal quadrant, thereby
avoiding the inferior temporal vortex vein. Reported complications
of the latter technique have included excessive chemosis or sub-
conjunctival hemorrhage obscuring the operative site, and ineffi-
cient anesthesia if the anesthetic agent is not delivered far enough
posteriorly.***

Retrobulbar and peribulbar blocks and sub-Tenon’s infiltration
allow for excellent anesthesia and akinesia with little risk. Under
these conditions, procedures such as removing recurrent or large
pterygia with or without conjunctival autograft; limbal cell harvest-
ing or transplantation or other similar, extensive surface proce-
dures; and lamellar keratoplasty can be performed. During ‘open
sky’ procedures, such as corneal transplantation with or without
cataract extraction or intraocular lens (IOL) exchange during local
anesthesia, lid akinesia is desirable to prevent pressure from lid
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Figure 14.4. Schematic diagram of the path of the Southampton
cannula, following the contour of the globe, to deliver anesthetic
solution posterior to the equator.

blinks on the globe, which can create a risk of protrusion of intra-
ocular contents. Reports have indicated that the peribulbar or ret-
robulbar block achieves effective lid akinesia by diffusion of
anesthetic, especially with the use of hyaluronidase and orbital
decompression devices.*' However, some surgeons prefer to use an
additional block to assure akinesia of the lids.

Several techniques have been described to achieve lid akinesia
by way of anesthetizing the branches of the facial nerve at various
locations. O'Brien*” described a technique to block the temporofacial
division of the facial nerve. In this block, the zygomatic arch is
located with the index finger and followed along the underside of
the arch backward to a point just in front of the tragus of the ear.
At this location, the index finger is directly over the condyloid
process of the mandible, which can be felt sliding back and forth
as the patient opens and closes the mouth. A needle 1.5 cm in length
is passed down to the anterior portion of the condyloid process, and
1-2 mL of local anesthetic is injected. The disadvantages of this
type of block are the temporofacial branch of the facial nerve can
be missed; the lower branches that supply the lips and face may be
blocked, producing an undesirable and often prolonged facial paral-
ysis; and the patient experiences a significant amount of discomfort
if no sedation is used.” Other variations aimed at blocking the
facial nerve at a more proximal location have been reported. The
modified O'Brien block places the needle along the posterior portion
of the mandible just below the condyle.”” Wright' and, later,
Nadbath and Rehman* described blocking the facial nerve as it
emerged from the stylomastoid foramen. In addition to the undesir-
able effect of a total facial paresis that may last for several days,
this type of block may also block the glossopharyngeal, vagus,
and spinal accessory nerves where they exit the closely located
jugular foramen, leading to significant respiratory and swallowing
difficulties.**™*

van Lint® described a technique to block the more terminal
branches of the facial nerve, thereby avoiding the total facial block
encountered if the trunk of the nerve was blocked. In his description
of the technique, a needle is introduced at the imaginary intersec-
tion of a horizontal line extending from the lowest part of the
inferior margin of the orbit and a vertical line from the most tem-
poral part of the lateral margin of the orbit. The needle is advanced
as far as the bone and directed inward and slightly downward into
the deep tissues just below the orbital margin. Anesthetic is injected
while the needle is withdrawn until it reaches the entry site of the
skin. Without being removed, the needle is then directed in a similar

manner upward and inward near the orbital margin close to the
bone.

Atkinson" described the disadvantages of this block: ballooning
or edema of the lids may be produced; more of the anesthetic solu-
tion is required than for a proximal block, thereby increasing the
risk of a toxic reaction to the anesthetic; and patient discomfort is
great. He recommended inserting a 23-gauge, 3.5-cm long, blunt-
tipped needle, at a location at the lower edge of the zygomatic bone
about 1 cm posterior to the intersection of a vertical line drawn
from the lateral margin of the orbit and a horizontal line drawn
along the lower edge of the zygomatic bone. The injection is made
along the lower edge of the zygomatic bone and upward across the
zygomatic arch close to the bone.

One last technique involves injecting the anesthetic solution
directly into the center of the lids beneath the orbicularis. One study
measuring the force of lid closure and electromyographic activity
of the orbicularis muscles compared these techniques and showed
that the lid block and the O’Brien blocks were the most effective in
producing akinesia of the lid.*'

TOPICAL ANESTHESIA

As mentioned earlier in this chapter, the use of topical anesthesia
appears to be increasing in frequency as the anesthesia method of
choice for anterior segment surgery. Using it in combination with
intravenous sedation creates a viable option to other anesthesia
choices. The advantages include less cost, quicker turnover times,
and a way to avoid the risks associated with local injections or
general anesthestics.

Procedures that are commonly performed under topical anesthe-
sia include: corneal scraping and biopsies, removal of conjunctival
and corneal foreign bodies, epithelial debridement, superficial kera-
tectomy, phototherapeutic keratectomy, corneal micropuncture, and
corneal refractive surgeries (photorefractive keratectomy, laser
assisted in-situ keratomileusis, and astigmatic keratotomy).

Some procedures, historically, have been done primarily under
local block or general anesthesia. But, recently, for reasons men-
tioned above, surgeons are doing these procedures more frequently
using topical anesthetics combined with intracameral lidocaine
and intravenous sedation. These procedures include repair of corneal
lacerations, exchange or reposition of an IOL, placement of a phakic
IOL, placement of secondary IOL including iris-fixated IOLs, and
endothelial keratoplasty procedures such as deep lamellar endothe-
lial keratoplasty (DLEK), Descemet’s-stripping endothelial kerato-
plasty (DSEK), and Descemet’s-stripping automated endothelial
keratoplasty (DSAEK).

Penetrating keratoplasty with or without other anterior segments
procedures such as cataract extraction and IOL implantation most
often are done under local anesthetic injection or under general
anesthesia. However, under certain situations where these anesthe-
sia options are not possible or less desirable, penetrating kerato-
plasty can be done under topical anesthesia.’"*

A complication of topical anesthesia is the lack of effective anes-
thesia with patient pain or the presence of patient anxiety (with or
without adequate anesthesia). One can try to avoid the latter by
appropriate patient selection and supplementing the topical anes-
thesia with intracameral preservative-free lidocaine when possible
and intravenous sedation. In some cases, it may be necessary to
switch to one of the other modalities of anesthesia described above
in this chapter.
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Table 14.3 Topical Anesthetics

Please refer to the printed book.

Rights were not granted to include this data in electronic media.

From Crandall DC. Pharmacology of ocular anesthetics. In: Tasman W, Jaeger EA, eds. Biomedical foun-
dations of opththalmology. Philadelphia: Lippincott-Raven; 1995 and Liu JC, Steinemann TL, McDonald
MB, et al. Topical bupivacaine and proparacaine: a comparison of toxicity, onset of action, and duration

of action. Cornea 1993; 12: 228.

Table 14.3 lists some commonly used topical anesthetics, times
of onset, and durations of activity. These agents have a very quick
onset of activity with excellent corneal anesthesia. However, the
duration of activity is relatively brief.

These agents have toxic effects, especially locally on the corneal
epithelium. A few drops of these agents can cause a significant
epithelial disturbance and inhibition of epithelial healing.”® One
study comparing rabbit corneal epithelial toxicity of topical bupi-
vacaine and proparacaine showed that with just a few drops, both
caused epithelial toxicity, and proparacaine delayed epithelial
healing in comparison to a saline control.”* Data on tetracaine or
cocaine were not included, but significant epithelial haze and irreg-
ularity can be seen shortly after application of these agents. Long-
term abuse of these agents is known to cause severe surface
disturbance with large epithelial defects, stromal infiltrates, and
endothelial changes. Local allergic response of the lids and con-
junctiva is possible, and systemic anaphylactic reactions occur, but
they are less common.>
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Corneal and conjunctival
foreign bodies

Marc R. Criden, Steven E. Katz, Richard G. Lembach

Ocular surface foreign bodies are a common cause of patient visits
to the emergency room and the ophthalmologist. The cornea is
highly innervated by sensory branches of the fifth cranial nerve. A
foreign body that lies embedded in the corneal stroma with disrup-
tion of the overlying epithelium will be aggravated with each blink
response, thus prompting the patient to seek out medical care. Even
if the foreign body is no longer present the foreign body sensation
persists.

This chapter discusses protective mechanisms of the ocular
adnexae, presentation of the corneal and conjunctival foreign
bodies, their evaluation and management. A high degree of suspi-
cion should always be maintained for the possibility of an eye wall
rupture, intraocular and orbital foreign bodies associated with high
velocity force.

PROTECTIVE MECHANISMS

The eyelids and ocular adnexae form a physical barrier for the
ocular surface and contribute to a number of protective mechanisms
against corneal and conjunctival foreign bodies, including blinking
and tear film composition.

Spontaneous blinking (i.e. without an apparent external stimulus)
occurs approximately 15 times per minute in adult humans.' Reflex
blinking is initiated by corneal or conjunctival contact. The afferent
arm of the blink reflex is the ophthalmic division of the fifth cranial
nerve. First-order neurons synapse in the ipsilateral chief sensory
nucleus in the pontine tegmentum. Second-order neurons then
project to the nucleus of the facial motor nerve bilaterally. The
seventh cranial nerve innervates the orbicularis oculi muscle to
complete the reflex arc. Stimulation of either ocular surface thus
leads to a bilateral blink response with increased lacrimal gland
secretion and tear production.

Tear drainage is predominately driven by contraction of the
orbicularis oculi muscle that occurs with blinking. The tear pump
mechanism is described by Doane’ as follows: positive pressure
created within the nasolacrimal sac on blinking forces tears to drain
into the nose, and negative pressure within the nasolacrimal sac as
the lids open draws tears from the ocular surface into the lacrimal
punctae. Rewetting of the ocular surface occurs with each blink.

Surface foreign bodies caught in the precorneal tear film will lead
to increased blink rate and reflex tearing, which will wash the
foreign body out of the eye or into the inferior cul-de-sac.

Loss of these and other protective mechanisms predisposes to
corneal and conjunctival foreign bodies and their sequelae. Propto-
sis and eyelid retraction, such as seen in thyroid-related orbitopa-
thy, lead to increased exposure of the ocular surface. Lack of Bell’s
phenomenon may occur as an idiopathic phenomenon or may be
due to inferior rectus muscle restriction in thyroid orbitopathy.
Hypesthesia in the first division of the fifth cranial nerve due to
herpes simplex keratitis, chronic contact lens wear, and dry eye
syndromes may be associated with diminished tearing. Bell’s palsy
and eyelid malpositions such as entropion or ectropion decrease the
tear pump function. Penetrating trauma may bypass all of the pro-
tective mechanisms.

HISTORY

Common conjunctival and corneal foreign bodies include loose
eyelashes, wind-blown debris, or insects and organic foreign bodies
frequently found in gardeners, farmers, and campers, and may be
associated with fungal infection. Projectile foreign bodies may
occur in relation to shattered glass (i.e. motor vehicle accident),
use of tools (i.e. hammering, grinding metal on metal, sawing, or
drilling) or explosion (Fig. 15.1). High-velocity metallic foreign
bodies of this nature are often sterile due to high temperature at
time of fragmentation.

In these cases, a detailed history of the materials involved may
be important factors. For example, composition, shape, likelihood
of single or multiple pieces, proximity of the point of impact to the
globe, energy transferred to the projectile, and the angle of inci-
dence are all relevant details of the history of injury. Foreign bodies
may be inert (i.e. glass, gold, and silver) or may be associated with
higher likelihood of toxicity (i.e. iron and copper) or infection (i.e.
organic matter, eyelashes, and insects). It is important to note
whether the incident was work related and whether alcohol was
involved.’ The presence of discomfort, including the time of onset,
character, location, and exacerbating factors should be noted.
For example, increased discomfort with blinking may indicate a
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Figure 15.1 Central, superficial metallic foreign body (photo courtesy
of Ayad A. Farjo, M.D.).

superior tarsal foreign body. Other complications may include
redness, itching, tearing, photophobia, or decreased vision.

EXAMINATION

The importance of documenting initial visual acuity cannot be
overstated. When the vision is significantly decreased out of propor-
tion to the clinical findings suspicion is raised of occult corneo-
scleral or orbital penetrating injury. Slit-lamp exam using an angled
beam is ideal for the evaluation and removal or corneal foreign
bodies because of the ease in delineating depth of penetration.
Surgical loupes, which provide x2.5 to x3.5 magnification, may be
adequate when a slit lamp is not available. Confocal microscopy
has also been utilized to detect small foreign bodies with or without
infiltrates. This may be a useful tool to identify subtle inflammatory
reactions and to monitor resolution.* The dimensions of the overly-
ing epithelial defect noted with fluorescein stain should be mea-
sured for future evaluation of the rate of healing. Patients with
delayed presentation may exhibit concomitant stromal infiltration,
which may persist even after foreign body removal. Cells in the
anterior chamber may occur as a traumatic iritis, in relation to a
sterile or infectious corneal stromal infiltrate or in association with
intraocular penetration, and may progress to form a frank hypo-
pyon. A small gross or microscopic hyphema may indicate possible
occult ocular perforation.

A high suspicion for intraocular or intraorbital foreign body
should be maintained in the appropriate clinical setting, such as a
high-velocity injury. A standardized classification system of ocular
trauma terminology was published in 1996.> Common signs of globe
perforation are broad and listed in Table 15.1.

Fluorescein dye 2% may be instilled to assess wound leakage
under a blue light (positive Seidel’s sign); however, small or shelved
wound edges may be self-sealing, and the lack of aqueous leak and
a formed anterior chamber does not guarantee against eye wall

Table 15.1 Signs of Globe Rupture

Identifiable entrance site (corneal or scleral laceration)
Prolapse of intraocular contents (uvea)

Peaking of the pupil or altered pupil size

Lens displacement or extrusion

Visualization of intraocular foreign body

Hemorrhagic chemosis

Anterior chamber or vitreous heme

Shallowing of anterior chamber

Hypotony

Traumatic cataract

Decreased vision

Figure 15.2 Self-sealing peripheral corneal laceration with iris defect
and retained metallic intraocular foreign body in vitreous cavity (photo
courtesy of Ayad A. Farjo, M.D.).

rupture. A self-sealing corneal laceration may be able to maintain
normal or even elevated intraocular pressure (Fig. 15.2). The ante-
rior chamber depth should also be compared to the fellow uninjured
eye.

Once a ruptured globe is suspected, further evaluation and explo-
ration should take place in the operating room after appropriate
radiologic evaluation, if indicated. A metal shield is taped securely
over the eye. Pain and nausea are controlled to avoid eyelid squeez-
ing and emesis, which may cause extrusion of intraocular contents.
Prophylactic antibiotic (cefazolin 1 g intravenously) should be
given, and the tetanus prophylaxis status assessed and updated. The
patient should be maintained without oral intake, and anesthesia
should be consulted. Any preoperative studies (e.g. blood count,



electrolytes, EKG, and chest X-ray) should be ordered as soon as
possible in preparation for surgery.

TREATMENT OF CONJUNCTIVAL FOREIGN
BODIES AND LACERATIONS

Conjunctival foreign bodies may occur in a tarsal, forniceal, or
bulbar location. Upper tarsal conjunctival foreign bodies may be
associated with linear abrasions (i.e. vertical tracks best noted with
fluoroscein staining) in the upper cornea and should be suspected
in this setting. The upper eyelid should be everted after instillation
of topical anesthetic, and the foreign body removed with a moist
cotton-tipped applicator or jeweler's forceps. The upper lid should
not be everted, however, if there is any suspicion of a globe rupture
as this complication may increase intraocular pressure and cause
extrusion of intraocular contents. Upper lid eversion may be
achieved by pulling the lashes and lid margin superiorly over a
cotton-tipped applicator placed centrally in the eyelid crease.

The superior and inferior fornices should be thoroughly examined
with appropriate light and magnification. Contact lenses are com-
monly dislocated into the superior fornix and are generally retrieved
without difficulty. They may become embedded into the conjunctiva
and can be associated with chronic foreign body inflammation® and
infection. Nicolitz and Flanagan’ reported a 26-year-old woman
with a hard contact lens embedded in the supratarsal space, who
presented with a progressively enlarging anterior orbital mass
lesion. Instillation of fluorescein dye will concentrate in a soft
contact lens making visualization easier when a retained contact
lens is suspected but not found. Elderly patients wearing aphakic
contact lenses are vulnerable to this problem due to loss of orbital
fat, deep-set globes, and lax lids.

Conjunctival lacerations may be obvious by direct visualization
or detection of prolapsed Tenon’s fascia, orbital fat, or exposed
sclera. Bloody chemosis may obscure visualization of these details.

Signs of an orbital foreign body may include globe displacement,
dysesthesia in the V1 or V2 distribution of the trigeminal nerve,
abnormality of ocular ductions, or new onset of manifest deviation,
ptosis, and conjunctival laceration. If the globe appears formed
with no other evidence of ocular penetration, the conjunctiva can
be explored under topical anesthesia in a cooperative patient. If
there is any historical or clinical suspicion of an ocular or orbital
foreign body, appropriate imaging studies should be obtained.

A computed tomography (CT) scan of the orbits with axial and
coronal cuts of 3 mm or less is ideal in the setting of trauma. A CT
scan is readily available, requires less scanning time per image than
magnetic resonance imaging (MRI), provides a safer option when
metallic foreign bodies are suspected, and offers better bony visu-
alization. An MRI is contraindicated as the primary imaging modal-
ity in the setting of trauma until the presence of ferrous foreign
bodies has been excluded. Posterior segment hemorrhage, vitreous
space distortion, and lens disruption identified on a CT scan corre-
late with poor visual or anatomic outcomes. MRI may be superior
in detecting nonmetallic foreign bodies, such as wood.® Although
ultrasound has been successfully used in ocular’ and orbital trauma,
its routine use is not advocated in this setting. Pressure from the
probe on the eye may be uncomfortable for the patient, and poste-
rior pressure may lead to extrusion of intraocular contents if the
globe is ruptured. The necessary ultrasound equipment is generally
not available in the emergency room and an experienced ultraso-
nographer may not be readily available during the off hours when
these patients frequently present.

In the absence of ocular or orbital penetration, most conjunctival
lacerations do not require surgical repair. Larger conjunctival lac-
erations can be closed with 8-0 polyglycan sutures. With coopera-
tive patients, this may be accomplished in a treatment room rather
than an operating room by using topical viscous lidocaine anes-
thetic. When opposing the conjunctival edges, care should be taken
to avoid incarcerating Tenon’s fascia, which may lead to formation
of Tenon’s cysts. Tenon'’s fascia can be closed as a separate layer;
however, it is generally much easier to partially excise this tissue
when it has prolapsed anteriorly through the conjunctival wound.
Topical antibiotic drops, such as a broad spectrum fluoroquinolone,
or ointment with follow-up at 3 to 5 days is generally adequate in
these circumstances.

TREATMENT OF SUPERFICIAL
CORNEAL FOREIGN BODIES

Placement of a topical anesthetic reduces discomfort and blepharo-
spasm and allows easier evaluation and treatment. Foreign bodies
that lay on the epithelium or are loosely embedded may be gently
removed with a moistened cotton-tipped applicator or a jeweler’s
forceps after applying topical anesthetic. When the foreign body is
firmly embedded in the corneal stroma, an 18- or 21-gauge needle
can be placed on a 1- or 3-mL syringe for stability. The beveled
needle tip should face away from the surface of the cornea. The tip
can be advanced beneath the anterior projection of the foreign body
and gently teased from the stroma back through the entrance site.
Once the foreign body has been dislodged it can be removed with
a moistened cotton-tipped applicator. A wire speculum may be
advantageous if the patient is not too blepharospastic or if an
assistant is not available to hold open the upper lid.

It is often useful to give the patient a fixation target for the
opposite eye, particularly when the foreign body is in the visual
axis. The operating hand can be rested on the patient’s zygoma for
support. The upper eyelid is elevated to prevent blinking. The physi-
cian should inform the patient in advance of the steps to be taken
and give reassurance that the needle will not enter the eye. However,
it is a good practice to avoid showing the needle to the patient, if
possible.

Most epithelial defects associated with foreign body removal
will heal within 24 to 48 h. If the epithelial defect is small, topical
antibiotic drops may be used and the patient re-evaluated the
following day. Pressure patching is generally unnecessary and
may be associated with increased discomfort and delayed epithelial
healing. Larger (>500%) or poorly healing epithelial defects may
benefit from a bandage contact lens with a topical antibiotic plus
a nonsteroidal anti-inflammatory.'® The presence of a stromal
infiltrate will deter epithelial healing and should be treated aggres-
sively with topical antibiotics to avoid progression to a nonhealing
corneal ulcer.

Routine bacterial cultures of corneal foreign bodies without
stromal infiltrate are unnecessary. DeBroff and co-workers'' cul-
tured 63 consecutive corneal foreign bodies and found that nine
(14.3%) were positive for bacteria. In this study, the most common
bacteria cultured was coagulase-negative Staphylococcus, which is
commonly found as normal flora of the ocular adnexa. When a
corneal ulcer is present, however, cultures for aerobes, anaerobes,
and fungi should be considered especially if organic matter is
involved.

Ferrous foreign bodies may be associated with a rust ring as soon
as 3-4 h after the injury. Rust rings may be removed on the initial
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visit with the use of a battery powered burr'?; however, they are
often more easily removed 24-48 h later when the surrounding
corneal tissue has softened. They can gently be lifted off with a
disposable needle. The burr often leaves a larger defect than neces-
sary, and Liston and co-workers"” found a trend toward deeper
corneal stromal damage when using an electric burr drill versus a
small gauge hypodermic needle in a rabbit model. Removal of most
of the rust ring allows the epithelium to heal over; however, the
importance of removing all of the rust has been overstated. A
minimally noticeable scar by slit-lamp, which is usually off-axis,
will generally have less visual significance than an overzealous
attempt to remove the complete rust ring with a burr.

The use of topical anesthetics outside the office is contraindicated
due to delayed healing, epithelial erosion, development of neuro-
trophic keratitis, and a secondary bacterial infection. Similarly,
topical corticosteroid medications are contraindicated in the setting
of an epithelial defect as they may predispose to a secondary infec-
tion. When an element of traumatic iritis is present, a short acting
topical cycloplegic (i.e. cyclopentolate 1%) may be used and a
topical corticosteroid added if necessary after the epithelial defect
has healed. With an epithelial defect, steroids may be used judi-
ciously in conjunction with a broad spectrum antibiotic only if there
is no suspicion of fungus or infiltrate.

Patients should be advised that discomfort will return as the
topical anesthetic wears off. Reassurance regarding the rate of
healing is important for their peace of mind. Analgesia with extra-
strength acetaminophen is generally adequate; however, the use of
ketorolac, acetaminophen with codeine, oxycodone, or sleeping
medications may be indicated on a short-term basis when large
epithelial defects are present. Topical diclofenac has been reported
to relieve pain associated with corneal rust rings in a prospective,
double-blind, placebo controlled clinical trial."*

Fluoroquinolone antibiotics have been the mainstay of antimi-
crobial treatments for several years. Second-generation quinolones
such as ciprofloxacin and ofloxacin are still frequently used and
are effective agents. However, many organisms have developed
resistance against these agents. The advent of fourth-generation
fluoroquinolones (gatifloxacin and moxifloxacin) has expanded the
spectrum of coverage against both gram-positive and gram-
negative organisms and atypical bacteria.”” These also demonstrate
superior corneal penetration and should represent first-line agents
for both prophylaxis and treatment of corneal ulcers and
endophthalmitis.

Corneal wound healing and speed of re-epithelialization are
essential to decreasing risk of infection and visual outcome. Rapid
corneal healing also reduces the risk of stromal scarring, haze, or
irregular astigmatism. Post-surgical management often includes
steroids that may impair the healing process and their use should
be monitored closely.

TREATMENT OF DEEP CORNEAL
FOREIGN BODIES

Buried corneal stromal foreign bodies may be left in place if small
and inert (i.e. without keratitis). Shattered glass often leaves multi-
ple inert intrastromal fragments that are well tolerated by the cornea
and may be observed. Attempted removal of deep fragments may
result in unnecessary stromal scarring. Only an ophthalmologist in
a controlled setting should remove foreign bodies that lie close to
Descemet’s membrane. Aggressive attempts at removal with inap-
propriate instrumentation or inadequate visualization may cause

posterior migration of the foreign body, which may penetrate Des-
cemet’s membrane and convert a corneal foreign body into an
intraocular foreign body.

Foreign bodies that are suspected to penetrate into the anterior
chamber should be removed under the operating microscope in
which corneal sutures may be placed to close an aqueous leak if
necessary. Small leaks are often self-sealing or may be amenable
to placement of a bandage contact lens with an adjunctive aqueous
suppressant. Cyanoacrylate glue may also be used to close small
corneal leaks. Meskin and co-workers recently described the feasi-
bility and effectiveness of 2-octyl-cyanoacrylate glue as a tempo-
rary wound barrier following clear corneal cataract surgery.'® This
method was found easy to use, effective, and demonstrated a favor-
able side-effect profile. A hand-held magnet may also be useful in
removing some intrastromal foreign bodies.

Inflammation in response to insect hairs is referred to as oph-
thalmia nodosa. The more common offenders are caterpillar and
tarantula hairs that are blown into the eye or transferred by direct
contact. These hairs frequently possess barbs that lodge into the
corneal stroma. Repeated blinking, worsened by irritation, may
force these hairs further into the cornea and, ultimately, into the
anterior chamber."”

Within the stroma, these hairs may be surrounded by nummular
infiltrates and there may be a profound anterior chamber reaction.
A conjunctival nodule may also be present, although these hairs
may be very difficult to visualize in this location. Attempts should
be made to carefully remove visible, exposed hairs but this is often
limited due to their fragility. The inflammatory response responds
well to steroids and should be accompanied by a topical antibiotic.
Steroids should be continued for several months and tapered
slowly."®

Fiberglass particles are also a relatively common cause of corneal
abrasion and source of corneal foreign body. These fine fibers easily
penetrate the cornea and may be embedded within the corneal
stroma or work themselves into the anterior chamber. They are often
difficult to visualize and break easily when attempting to remove
them. Fiberglass is relatively inert but may harbor a variety of
bacteria. If the fiberglass particles cannot be removed then bacterial
cultures should be obtained followed by broad spectrum antibiotic
coverage and close monitoring for infectious keratitis or
endophthalmitis.
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Conjunctival and corneal cultures,
resections, and biopsies

Sarah M. Nehls, Neal P. Barney

CORNEAL CULTURES

Infectious keratitis is a sight-threatening condition that requires
urgent diagnosis and management. Identification of the organism
responsible for infection by corneal scraping for culture and smears
is important in guiding effective antimicrobial treatment and for
tracking the epidemiology of infectious keratitis. Small, peripheral
corneal ulcers are sometimes treated empirically, without culture,
at the discretion of the treating physician. Larger, central, sight-
threatening lesions and those with atypical features or a lack of
response to empiric therapy should be cultured.

Most corneal cultures can be taken with the patient sitting at the
slit-lamp microscope. For more extensive sample collections or to
facilitate cooperation, the patient may also be positioned supine
under a microscope. The eye should be anesthetized with topical
proparacaine hydrochloride 0.5% drops and all necessary media and
glass slides should be available for immediate plating or smears. A
sterile Kimura platinum spatula, a 15-blade scalpel or a calcium
alginate swab moistened with sterile broth can be used to scrape
the cornea at the leading edge of the corneal ulcer."? Care should
be taken to avoid contact with eyelid skin, lashes, or conjunctiva
in order to avoid contamination of the sample. An increase in the
size of the corneal epithelial defect is an expected outcome at the
end of the procedure.

The samples are immediately inoculated onto agar plates and
smeared on to glass microscope slides. Several samples may need
to be collected to allow for the complete spectrum of culture plates
and smears required for diagnosis. A platinum spatula can be flame
sterilized by a Bunsen burner; alternatively a fresh spatula, blade,
or swab can be used for each sample taken. All plates and slides
should be carefully labeled with the patient’s name, medical record
number, date, and site of collection.

In some clinical settings it may be difficult to maintain appropri-
ate culture media so the use of transport media such as Amies media
without charcoal may be considered. The microbiology lab will plate
the cultures upon receiving the sample. No difference in recovery
rates for bacterial and fungal organisms was found for samples
plated as long as 24 h after collection with Amies transport
media.’

Cytology is often invaluable for rapid identification of the class
of organism causing a corneal infection. Corneal samples smeared
on to glass slides are transported to the laboratory where they are
air dried, fixed, stained, and examined under the microscope. Gram
stain is used to identify bacterial organisms. Giemsa stain or a 10%
potassium hydroxide (KOH) wet mount is useful in diagnosing
fungal pathogens. Atypical mycobacteriae can be seen with a Ziehl-
Neelsen acid-fast stain. Giemsa, acridine orange, and calcofluor
white stains are useful in detecting acanthamoebae (Table 16.1).**
Herpes simplex virus (HSV) keratitis can be confirmed by finding
multinucleated giant cells on Giemsa stain.® Smears can also be
prepared for an immunofluorescence assay (IFA) to evaluate for the
presence of HSV.

The identification of organisms causing bacterial keratitis is
achieved by plating specimens on 5% sheep’s blood, and chocolate
agars. Most bacterial species will grow on blood agar; chocolate
agar is needed for growth of Haemophilus, Neisseria, and nutrition-
ally variant Streptococcus species. Fungal organisms can also grow
on blood and chocolate agars or more specific fungal culture plates
such as Sabouraud’s agar can be used.” Atypical mycobacteria will
grow on blood agar, Lowenstein-Jensen media, and Middlebrook
7H11 media.*'® Acanthamoeba should be plated on non-nutrient
agar with an overlay of live Escherichia coli.® For the isolation of
more unusual organisms such as fungi, atypical mycobacteriae and
acanthamoebae, the microbiology lab should be contacted to estab-
lish the preferred culture media and means of plating.

Samples collected for analysis of HSV keratitis should be
placed in viral transport media to be transported to the lab for cell
culture (Table 16.1). Traditional cell culture has the disadvantage
of a slow rate of detection. Faster detection rates can be achieved
with a combination of an IFA and polymerase chain reaction
(PCR) detection of HSV DNA.® Calcium alginate swabs should not
be used for PCR specimen collection because of an inhibitory
response; collection by a platinum spatula or Dacron swab is
preferred."

The overall yield of corneal cultures ranges from 38 to 67%.>”'*"">
If antimicrobial therapy is initiated prior to cultures, there does not
appear to be a significant difference in rates of organism identifica-
tion but a delay in pathogen recovery is more likely to occur.”'®
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Table 16.1

Atypical mycobacteria
Middlebrook 7H11 media

Acanthamoeba Non-nutrient agar with E. coli overlay

Herpes simplex virus Viral transport media for cell culture

Culture media and smears for identification of corneal pathogens

Organism Culture Media Smear
Bacteria 5% sheep’s blood agar, chocolate agar Gram stain
Fungi 5% sheep’s blood agar, chocolate agar, Sabourand agar Giemsa stain, 10% KOH wet mount

5% sheep’s blood agar, Lowenstein Jensen media,

Gram stain, Ziehl-Neelsen stain

Giemsa stain, acridine orange stain, calcofluor
white stain

Giemsa stain, immunofluorescence assay

The patient should be started on broad spectrum antibacterial
therapy while awaiting culture results. Therapy can then be tailored
as the specific infectious organism and panel of antimicrobial sen-
sitivities are identified.

CONJUNCTIVAL CULTURES

Culture of the conjunctiva is an important procedure in the clinical
setting of microbial conjunctivitis. Identification of causative patho-
gens, designing specific treatment plans, determination of the effi-
cacy of treatment, or persistence of infection despite treatment is
reason to perform conjunctival cultures. Because several classes of
organisms may infect the conjunctiva, knowledge of modalities to
identify these infecting agents requires review.

Bacterial conjunctivitis is most suspected when symptoms of
gluey or sticky lids present with signs of purulent discharge.'” Cul-
tures to isolate bacteria are taken directly from the conjunctiva. The
physician prepares the patient by describing the planned procedure.
Topical proparacaine 1% may be instilled. The inferior lid is rolled
away from or lowered from the globe and the sample is obtained
by applying a premoistened swab into the fornix with both a sliding
and rotating motion. The swab is then placed in transport media
or may be plated directly to various media (reviewed in culture of
cornea). The swab may be moistened with the sterile liquid transport
media or both for culture. Care is taken to avoid swab contact with
the lid margins to assure inoculation of organisms only from the
conjunction. The swab may be that supplied with the transport
media, a sterile cotton swab, or calcium alginate swab. Calcium
alginate and cotton swabs have been demonstrated to inhibit recov-
ery of different organisms.'® It is believed that the glue used for the
various swabs may be toxic to either the organisms directly or the
cells in culture that are to be inoculated as in the case of Chlamydia
culture. Transportation of the collected specimen should be directed
to the laboratory immediately for processing.

Viral conjunctivitis more likely is bilateral, typically has a watery
discharge or increased tearing, and may have associated sore throat
and preauricular adenopathy. Cultures may be obtained in the same
manner as for suspected bacterial conjunctivitis but transported in
different media. Sodium chloride moistened cotton-tipped swabs
gave better yield topical of virus detection than commercial viral
transport media.”” The use of topical anesthetic enhanced viral
recovery rate. Cell culture for virus detection is viewed as the stan-
dard but may take 4-7 days to show the cytopathic effect. Quantita-
tive polymerase chain reaction has been shown to be more sensitive
in direct comparisons. Availability may be limited in some
regions.

Chlamydia conjunctivitis is a chronic, follicular conjunctivitis in
adults. Laboratory diagnosis relies on both microscopic slide evalu-
ation and specimen submission for culture or molecular diagnostic
evaluation. Collection of a specimen for microscopic evaluation
differs slightly from other causes of conjunctivitis. When Chlamydia
is suspected, the upper or lower tarsal conjunctiva should be scraped
with a Kimura spatula or blunt end of a #15 blade. The slides may
be air dry. Detection may be made with the use of Giemsa stain for
basophilic cytoplasmic inclusions or with direct immunofluores-
cence. A swab for culture should be placed in appropriate Chlamydia
transport media. Viral transport media may contain antibiotics that
could reduce the likelihood of positive culture results. Positive
growth of clinical specimen from adult inclusion conjunctivitis
occurs in a lower percentage of patients than from neonates. Finally,
serology may prove useful in identifying a patient with Chlamydia
but would not be helpful unless clinical findings support the pres-
ence of active infection.

Neonatal conjunctivitis requires preparation of both slides and
culture for suspected organisms most associated with this condition:
Chlamydia and Neisseria. Ordinarily a scraping of the conjunctiva
is appropriate to create slides for evaluation. Since cooperation of
the infant is unlikely, one must minimize the risk to the patient. If
necessary, use a swab of the conjunctiva to collect a specimen for
slide preparation. As mentioned above, be sure to include a choco-
late agar plate when Neisseria is suspected.

BIOPSY

Diagnostic conjunctival biopsy may be performed as an outpatient
procedure. In general, the procedure poses such small risk to the
patient that, with rare exception, a cooperative patient may undergo
the procedure in the office minor operating room. Excisional con-
junctival biopsy may be performed in the minor operating room or
an outpatient surgical center depending on the extent of tissue
removal and need for adjunctive procedures at the time of the
biopsy. Indications for conjunctival biopsy include unknown lesions
that are threatening vision or causing chronic irritation or lesions
that may indicate systemic disease. Conjunctival biopsy may be
used to determine the presence of a malignancy.

Anesthesia may be topical alone in a few patients, but some
require subconjunctival injection of anesthetic. Depending on the
nature of the procedure and expected duration of the procedure,
retrobulbar anesthesia may be indicated. Topical anesthesia may be
proparacaine 0.5%, tetracaine 0.5%, or lidocaine 2% gel. If concern
is for effectiveness, a cotton-tipped applicator soaked in either
anesthetic may be applied and held directly over the area of planned



biopsy. If this approach is elected, care should be taken to avoid
abrasion to the cornea and avoid abrasion or crushing injury to the
area of pathology. Artifactual changes in the specimen may impact
correct histologic diagnosis.

Subconjunctival anesthesia is useful in procedures requiring large
biopsies or biopsies that require adjunctive treatment (e.g. cryo-
therapy). Retrobulbar anesthesia may be necessary for long proce-
dures or procedures that require akinesia and traction sutures for
appropriate eye positioning. Regardless of anesthesia type, topical
phenylephrine 2.5% given as preoperative drops may reduce
bleeding.

Appropriate movement of a specimen biopsy from the operating
room to the pathology laboratory should first be planned with the
pathologist. For most conjunctival specimens, immediate fixation
in formalin is appropriate and easy. Specimen orientation may be
assisted by immediately placing the biopsy on filter paper with the
epithelial side facing up. The combined specimen and filter paper
is then placed in formalin. A nonabsorbable suture may be placed
in the specimen to assist the pathologist in orientation during the
embedding process. If the differential diagnosis necessitates tissue
collection for frozen sections or immunohistochemistry of nonfixed
specimens, the following methods ensure adequate preservation
of histologic architecture: In the operating room, the specimen is
placed in a small (2-mL) freezing vial, sealed tightly, and immedi-
ately placed in liquid nitrogen to snap freeze the specimen. This
frozen tissue should then be embedded in optimal cutting tempera-
ture compound and stored at —70°C until sectioned for staining.
Discussion with the pathologist can also be helpful to insure the
optimal method of tissue preservation and transportation for the
suspected diagnosis.

Preparation of the site should include antiseptic cleansing of the
skin and placement of a sterile drape. The operating microscope is
preferred, but loupes may be used. If the area for excision needs to
be demarcated, a hand-held disposable cautery or, preferably, a
sterile marking pen can be used. Any lid speculum is acceptable. A
nontoothed, serrated forceps is used to elevate normal conjunctiva
within 1-3 mm of the lesion, and Westcott or Vannas scissors are
used to incise the conjunctiva. It should be undermined without
regrasping if possible. The predetermined margins are incised, and
the specimen slid onto the precut filter paper with the epithelium
remaining facing up (Fig. 16.1). Cautery of bleeding is at the discre-
tion of the surgeon. It is usually not necessary to reapproximate
the margins of the incised conjunctiva to cover the defect regardless
of the size of the biopsy. Instillation of antibiotic ointment, such as
erythromycin or bacitracin ophthalmic ointment, and placement of

Figure 16.1. Conjunctival biopsy. A, The previously marked
margins have been incised and the tissue to be removed has
been undermined. Filter paper placement on the globe
surface and gentle insertion beneath the specimen are
performed as the tissue is drawn out to the filter paper.

B, Cross-sectional view of the technique shows filter paper
insertion beneath the excised tissue.

a pressure patch for 4-24 h are appropriate. Antibiotic ointment is
applied three times daily for 1 week, during which the patient may
experience blood-tinged tears. Control of pain may warrant the use
of acetaminophen (325 mg)-codeine (15 mg) combination tablets
every 4-6 h as needed.

TRAUMA

Conjunctival trauma may be blunt or sharp. It may be the result of
a foreign body injury. The history surrounding the injury is most
important in guiding the examination to determine the likelihood
of deeper penetrating injury of the globe. Blunt injury may result
in chemosis, subconjunctival hemorrhage, subconjunctival air, or a
ruptured globe. Chemosis is a nonspecific reaction with swelling of
the conjunctiva to irritating stimuli. It is usually self-limited, pain-
less, and nonthreatening to vision. Regardless of the nature of the
injury, focal hemorrhagic chemosis may be a sign of underlying
scleral rupture. Treatment of uncomplicated chemosis is supportive
alone (e.g. ice to the closed eye). If the chemosis is so large as to
be exposed, antibiotic ointment should be applied three times daily
until resolution. Subconjunctival hemorrhages also are self-limited.
They require no treatment, and the patient should be reassured that
they will resolve in 3 weeks.”

Conjunctival foreign bodies may be single or multiple, inert or
reactive, and grossly evident or occult. The history of the exposure
should alert the examiner to the likelihood of a foreign body. The
examiner should determine the material, the speed of travel at
impact, and the use of any protective eyewear during the incident.
Examination should include double eversion of the upper lid, fluo-
rescein staining, and direct observation of the conjunctiva. Super-
ficial foreign bodies may be removed with forceps following use of
topical proparacaine 0.5%. Subconjunctival foreign bodies may not
generate much inflammatory reaction and remain present for many
years without sequelae. Others may cause granuloma, cysts, or
membrane formation, requiring removal.”!

Lacerations of the conjunctiva are usually found on the bulbar
conjunctiva and occur from a shearing force or sharp injury. Con-
junctiva laceration combined with underlying scleral laceration
would occur with penetrating injury. Maintaining a high index of
suspicion for concurrent scleral laceration will help reduce oversight
of this severe type of injury.?

Examination should include determination of best corrected
visual acuity (pinhole is acceptable), motility tests, pupil examina-
tion, evaluation of muscle balance, slit-lamp examination, dilated
funduscopic examination, and intraocular pressure measurement.
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Figure 16.2. Conjunctival laceration repair using
nonabsorbable suture. A, Care should be taken not to
leave an inverted edge of conjunctiva as shown.

B, Careful apposition of conjunctival edges and placement
of a nonabsorbable suture are shown.

All portions of the examination requiring any diagnostic drop
medications should be deferred until assessment of the presence or
absence of scleral involvement is accomplished. The extent of any
scleral injury may be greater than the conjunctival laceration.

If visual acuity is not compromised and the history does not
suggest perforation, careful slit-lamp examination alone may verify
if an intact globe is present. Injuries suspicious for concurrent
scleral laceration but without slit-lamp evidence of hemorrhagic
chemosis, pigmented tissue showing, or low intraocular pressure
may be explored in the minor operating room. Exploration in the
major operating room is indicated under general anesthesia if the
likelihood of penetrating injury exists.

Minor operating room exploration would require topical anesthe-
sia with tetracaine 0.5%, a lid speculum, nontoothed forceps,
optional wound repair instruments, and the operating room micro-
scope. The cut ends of the conjunctiva may be gently elevated off
the globe to determine their fullest extent. The edges of the lacerated
conjunctiva may be inverted. Careful observation for evidence of
uveal or vitreous tissue beneath these elevated conjunctival edges
should be performed.

All conjunctival lacerations with concurrent penetrating trauma
should be closed at the time of surgery. The decision to close con-
junctival lacerations with no concurrent penetrating injury depends
on length of laceration, location, size of conjunctival defect, and
involvement of Tenon’s capsule. In general, lacerations smaller than
1 cm do not require repair. Epithelial closure will likely occur in
1-3 days, and even large epithelial defects (e.g. those in an avulsion)
will re-epithelialize in 1 week. Lacerations in the fornix generally
have good apposition and do not require sutures.

Anesthesia for laceration repair may need to be subconjunctival
and not topical alone. Repair of the laceration should be in two
layers if Tenon’s capsule is involved. Incorporation of the injured
Tenon’s capsule in the conjunctiva laceration closure should be
avoided as this approach may cause cyst formation, significant
scarring, or contracture of the conjunctiva and reduce its mobility.
Absorbable suture (e.g. 6-0 to 8-0 polyglactin 910) should be used
to close Tenon’s capsule. An absorbable or nonabsorbable suture
may be used to close conjunctiva. If 6-0 to 8-0 polyglactin 910 is
used, it should be placed so the knot is buried beneath the conjunc-
tiva. The physician should be sure to evert the edge of the conjunc-
tiva and pass the needle from the underside out and then from the
outerside in on the opposite side of the wound. Based on the sur-
geon'’s preference, a running suture (in the same manner) or inter-
rupted suture is then completed. Nonabsorbable suture is preferred
by some but is limited by the need to remove it after healing has
occurred. The knot should be placed so that it is exposed for easy
removal (Fig. 16.2). Again, a running or interrupted suture is suffi-

cient. Antibiotic ointment and a pressure patch, if necessary, are
indicated for 24 h regardless if exploration is accomplished with or
without repair. Antibiotic ointment should be used twice daily for
1 week following injury.

Complications include missed foreign body, missed scleral lacera-
tion, infection, inclusion cyst, pyogenic granuloma, and fibrosis.
Infection in a wound of this highly vascularized tissue is very rare.
A plain radiograph of the face can be used to rule out a metallic
foreign body. Fibrosis may be severe with motility disturbance.

CONJUNCTIVAL RESECTION
OR RECESSION

Conjunctival resections are performed usually to remove diseased
tissue. Vision-threatening peripheral corneal disease is often associ-
ated with disease of the limbal conjunctiva. Corneal epithelial stem
cells are located at the limbus.” The limbal conjunctiva contains
Langerhan’s cells, complement components, immunoglobulin, and
mast cells and is considered to be an immune reactive site. The
small vessel configuration of the limbal region makes the area
predisposed to immune complex deposition.” Thus, cellular prolif-
eration diseases (e.g. conjunctival intraepithelial neoplasia)
and inflammatory diseases (e.g. peripheral ulcerative keratitis) are
associated with changes in the limbal conjunctiva. Tabbara
and co-workers®® showed that conjunctival resection would reduce
peripheral corneal infiltration of white blood cells in rabbits immu-
nized by intravenous administration of antigen. Eiferman and co-
workers” used conjunctiva resected from patients with rheumatoid
arthritis and peripheral ulcerative keratitis to induce collagenolysis
in vitro. With this background, it is not surprising that indications
for conjunctival resections include reports of its use for Mooren’s
ulcer,” superior limbic keratoconjunctivitis,”®*® peripheral ulcer-
ative keratitis,’*** sebaceous adenocarcinoma,’*** Kaposi’s sarcoma,*
and conjunctival intraepithelial neoplasia.’**’

In the literature, conjunctival recessions are performed almost
exclusively concurrent with or subsequent to strabismus surgery.
However, a conjunctival recession may be used by some surgeons
for any or all of the indications listed for conjunctival resection.

TECHNIQUE

Conjunctival resections may be performed in the minor operating
room using local anesthesia as long as no scleral tissue inlay or
tectonic grafting is planned. If these more involved procedures are
planned, they are best performed in the major operating room with
adequate intravenous sedation and a retrobulbar or peribulbar
block. Local anesthesia should include subconjunctival injection of
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Figure 16.3. In conjunctival biopsy, the margins of the area to be

excised are marked. Undermining of the entire area is accomplished
before the limbal and posterior margins of resection are incised.

lidocaine 2% with or without epinephrine 1:100000. The usually
inflamed tissue, particularly if near the limbus will require more
than topical anesthesia alone. If distinct margins of resection are to
be adhered to, they should be marked with a sterile marking pen
prior to subconjunctival anesthesia. An aseptic cleansing of the skin
should be performed, and a sterile field established. An operating
room microscope is required because resection of the conjunctiva
is occasionally accompanied by lamellar dissection of underlying
sclera. Anticipation of the specimen fixation and transport is the
same as described for conjunctival biopsy.

Using blunt-tipped, serrated forceps, the physician elevates the
conjunctival from the globe at a location posterior to the main
pathology but at the anticipated margin of resection. After incising
through conjunctiva and undermining the demarcated area, the
physician should work toward the limbus and posteriorly until the
area to be resected is free of underlying attachments (Fig. 16.3).
Attempts to regrasp should be as infrequent as possible. The exci-
sion is completed by cutting along the previously designated
margins. Bleeding may be controlled with wet field or thermal
cautery. Attempts to reapproximate the cut edges of conjunctiva
may be undertaken but are not necessary. Depending on the indica-
tion for surgical resection, adjunctive medications (e.g. mitomycin
C) may be given or adjunctive treatment (e.g. freezing the cut edge
of conjunctiva) may be performed.

Subconjunctival injection of gentamicin 20 mg or cefazolin
50 mg may be given at the end of the case. Antibiotic ointment
application with a pressure patch for 4-24 h may be appropriate.
Follow-up until complete conjunctival closure occurs is appropriate,
as is antibiotic ointment three times daily.
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Epithelial debridement and
superficial keratectomy

Tina C. Lucas-Glass, Christopher J. Rapuano

Stripping or curettage of the corneal epithelium for treatment of
map-dot-fingerprint dystrophy was noted to be therapeutically
effective as early as 1965 in a report by Guerry' and by Wolter
and Fralick” in 1966. Today, the terms ‘epithelial debridement’ and
‘superficial keratectomy’ can be used interchangeably with corneal
stripping and curettage. However, epithelial debridement and super-
ficial keratectomy are often incorrectly used interchangeably. Epi-
thelial debridement is defined as surgical removal of just the corneal
epithelium. Bowman’s layer remains undisturbed with this proce-
dure. Superficial keratectomy is a nonspecific term. Its more widely
accepted definition is surgical removal of ‘corneal epithelium plus
subepithelial fibrous, fibrovascular, or otherwise dystrophic tissue’,?
typically with Bowman'’s layer and superficial stroma. The proce-
dure is performed without tissue replacement. A new, but not neces-
sarily superior, procedure that has similar indications to epithelial
debridement and superficial keratectomy is excimer laser photo-
therapeutic keratectomy (PTK). PTK, also referred to as laser super-
ficial keratectomy, involves the use of an excimer laser to ablate
abnormal tissue in the anterior portion of the cornea.

INDICATIONS FOR EPITHELIAL
DEBRIDEMENT

The most common indications for epithelial debridement are as
follows:
1. For tissue diagnosis:
Microbiology
Histopathology
2. To speed resolution of a superficial corneal epithelial infection
by debulking infected tissue (in combination with antimicrobial
therapy):
Herpes simplex virus epithelial keratitis
Acanthamoeba keratitis*®
Fungal keratitis
3. For excision of dystrophic corneal epithelium and Bowman’s
membrane:
Reis-Biicklers’ dystrophy
Map-dot-fingerprint dystrophy
Post-traumatic and idiopathic recurrent erosion

4. For the removal of band keratopathy (in combination with a
calcium chelating agent)

5. For treatment of epithelial ingrowth after laser in situ keratomi-
leusis (LASIK)®

6. To remove epithelial edema for corneal clarity during vitrec-
tomy and scleral buckling surgery

7. For debridement of vernal shield ulcers’

SURGICAL TECHNIQUE FOR
EPITHELIAL DEBRIDEMENT

Prior to epithelial debridement, the patient should be informed that
the procedure may need to be repeated in the future. Under topical
anesthesia, an eyelid speculum is placed in the eye. Depending on
the comfort of the surgeon and the cooperation of the patient, the
procedure may be performed at the slit lamp or using an operating
microscope. Epithelial debridement can be performed with a sterile
cotton-tipped applicator, a dry cellulose sponge, a blunt spatula
(e.g. Kimura), or a sharp rounded-end blade (e.g. #64 Beaver blade,
Rudolph Beaver, Waltham, and Mass). Without exerting significant
posterior pressure, the epithelium can be removed with gentle
sweeps of the instrument of choice across the corneal surface (Fig.
17.1). If a sharp blade is used, great care must be taken to avoid
cutting into superficial stroma. Fluorescein drops can be instilled
on the surface to identify areas of persistent epithelium. When epi-
thelial removal is complete, the denuded surface can be polished
with a cellulose sponge. Patients can expect moderate to severe pain
until the epithelial defect heals.

Often there are residual epithelial basement membrane complexes
adherent to Bowman’s layer, which may or may not be readily visible
at the slit lamp or operating microscope. A diamond burr can be used
to polish Bowman’s membrane and remove these tenacious adhe-
sions safely and effectively.® A large, round diamond burr (4-5 mm
in diameter) is best (Fig. 17.2). A gentle circular motion is used to
buff the de-epithelialized cornea for approximately 5-20 s, depend-
ing on the extent of the pathology. In an efficacy study by Sridhar
and co-workers,’ diamond burr treatment was shown to have advan-
tages over PTK in the treatment of recurrent corneal erosions.
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Figure 17.1. Epithelial debridement. A sharp rounded-end blade is
used to sweep across the cornea, removing the epithelium without
cutting into the stroma. The motion of the blade is sideways,
perpendicular to the orientation of the blade.

Figure 17.2. Diamond burr. A, A 5-mm diamond burr; B, the diamond
burr seated in the hand-held battery operated handle.

INDICATIONS FOR SUPERFICIAL
KERATECTOMY

Superficial keratectomy shares several indications with epithelial
debridement.’ The indications for a superficial keratectomy are as
follows:
1. For tissue diagnosis:
Microbiology
Histopathology
2. For removal of hyperplastic, degenerative, necrotic, or scarred
tissue:

Salzmann’s nodular degeneration
Spheroidal degeneration
Calcific band keratopathy (after or in conjunction with calcium
chelation)
Pterygium
Corneal dermoid
Keratoconus nodule
Superficial corneal scar
Peripheral hypertrophic subepithelial degeneration'

3. For excision of retained corneal foreign material

4. For removal of corneal haze after photorefractive
keratectomy'!

5. For excision of dystrophic tissue:
Reis-Biicklers’ dystrophy
Map-dot-fingerprint dystrophy'>
Post-traumatic and idiopathic recurrent erosion
Anterior stromal dystrophies (e.g. lattice
dystrophies)

6. For recurrent dystrophies in corneal grafts:
Reis-Biicklers’ dystrophy"
Granular dystrophy'
Lattice dystrophy

and granular

SURGICAL TECHNIQUE FOR
SUPERFICIAL KERATECTOMY

As with epithelial debridement, the patient undergoing superficial
keratectomy should be informed that this procedure may need to
be repeated. The patient should know that until re-epithelialization
occurs, there is often a significant amount of discomfort. Depending
on the comfort of the surgeon and the cooperation of the patient,
this procedure can be done under topical or peri- or retrobulbar
anesthesia. The operating microscope is used, and an eyelid specu-
lum is placed in the eye. Corneal epithelium over the involved area
can be removed with a dry cellulose sponge. For blunt dissection
of hyperplastic lesions, a plane is established between the fibrous
membrane and normal Bowman’s membrane with fine-toothed
forceps and a cellulose sponge or a sharp rounded-end blade. The
forceps are used to fixate tissue and stabilize the eye while the
sponge or blade pushes (not cuts) between the lesion and Bowman'’s
layer to create a plane (Fig. 17.3). Once a plane is established, blunt
dissection can be completed with a cyclodialysis spatula, a cellulose
sponge, or the blade in a noncutting fashion. With the forceps,
epithelium, basement membrane, and fibrous membranes can often
be peeled in one continuous sheet (Fig. 17.4). As the pathology is
often diffuse and contiguous with the limbus, the abnormal tissue
must be separated from the peripheral corneal and limbal tissue.
The central sheet can often be torn away from the peripheral rem-
nants in an epithelial-rhexis fashion using the toothed forceps and
a circular pulling motion (Fig. 17.5). Occasionally, if the membrane
resists tearing, it needs to be cut away from the limbus with a sharp
blade or fine scissors.

When a smooth plane cannot be easily established, sharp dissec-
tion may be required. In this case, the goal is to create a lamellar
plane with toothed forceps and a sharp rounded-end blade. It is
critical to dissect in one plane to minimize corneal irregularity and
scarring and to decrease the risk of perforation. A microkeratome
has also been used to create a smooth plane. This technique involves
applying a suction fixation ring to raise the intraocular pressure to
over 65 mmHg and using a flat oscillating blade to shave off the



Figure 17.3. Superficial keratectomy. A blunt or sharp rounded-end
instrument is used in a front-to-back pushing motion to create a plane Figure 17.5. Peeling of a superficial corneal lesion. Frequently a
be.:tr:v?en the I;zs;o? and Bowman'’s layer. The lesion is being stabilized dense subepithelial membrane can be peeled off Bowman’s layer.
with fine-toothed forceps. Where it is contiguous with the peripheral cornea and limbus, the
membrane can often be separated in an epithelial-rhexis fashion.
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Figure 17.4. A, A large elevated degenerative nodular membrane B

lesion is peeled off the cornea. B, As blunt dissection and peeling are  Figure 17.6. A, An elevated Salzmann’s nodule causing poor visual
used to remove the lesion, the remaining Bowman'’s layer is smooth acuity prior to superficial keratectomy. B, Two-day postoperative
and relatively clear. photo reveals a smooth corneal surface with mild residual anterior

stromal haze, yielding significantly improved vision.
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anterior cornea. A diamond burr can be used to treat areas of per-
sistent corneal irregularity.

POSTOPERATIVE MANAGEMENT

Postoperative care after epithelial debridement and superficial kera-
tectomy is similar. At the conclusion of surgery, a topical antibiotic
and a cycloplegic agent should be instilled in the eye. A pressure
patch or bandage soft contact lens may also be used. Otherwise fre-
quent instillation of topical antibiotic ointment is preferred. The
patient should be followed closely until re-epithelialization is com-
plete. Topical nonsteroidal anti-inflammatory drugs may help to
control pain. A topical corticosteroid-antibiotic drop may be benefi-
cial after the procedure, especially if there is significant corneal
inflammation. Depending on the size of the epithelial defect, re-
epithelialization usually occurs within 2 to 7 days (Fig. 17.6). Close
follow-up is required until re-epithelialization is complete, as these
eyes are at risk for persistent defects and infection. Once re-epitheli-
alized, the medications can be tapered and discontinued. For treat-
ment of many conditions, and especially recurrent erosions,
lubrication therapy with artificial tears, hypertonic solutions, or
ointments should be instituted once re-epithelialization is complete.

RESULTS

Buxton and Fox'® reported a series of 13 eyes with epithelial base-
ment membrane dystrophy treated with epithelial debridement and
soft bandage contact lenses. Of these patients, 84.7% were relieved
of symptoms during a follow-up period ranging from 6 weeks to
48 months. One patient had two subsequent attacks of erosive
symptoms which were managed with lubricants. Three corneas that
had not received paralimbal diamond burr treatment developed
peripheral erosions. All patients had a smooth corneal surface and
tear film by 6 to 12 weeks postoperatively. Buxton and Constad'®'"”
extended their initial series to 33 cases of symptomatic epithelial
basement membrane dystrophy. In this report, the follow-up period
ranged from 2 months to 7 years. Of these patients, 100% were
relieved of preoperative symptoms after epithelial debridement.
Only 3% showed evidence of recurrence of the epithelial basement
membrane dystrophy.

Perhaps the biggest criticism of epithelial debridement and super-
ficial keratectomy is the length of the postoperative recovery period.
When compared to anterior stromal micropuncture, Rubinfeld and
co-workers'® thought that epithelial debridement was relatively safe
and effective, was more technically difficult, resulted in more post-
operative pain, and had a longer recovery time. Despite these
drawbacks, epithelial debridement was thought to be the best treat-
ment for diffuse map-dot-fingerprint dystrophy with spontaneous,
bilateral, multiple erosions.

Diamond burr polishing of Bowman’s membrane has been used
as a supplement to simple epithelial debridement. Lance and co-
workers' noted significantly more rapid healing in rabbit corneas
when diamond polishing was combined with debridement.

Soong and co-workers® reported great success using diamond
burr polishing of Bowman’s membrane to treat recurrent erosion
syndrome in 54 eyes of 47 patients with 3 to 53 months of
follow-up.

In this era of laser treatments, diamond burr polishing still is a
reliable, inexpensive procedure for recurrent erosions. Sridhar and
co-workers? compared the efficacy of PTK to epithelial debridement
and diamond burr polishing of Bowman’s membrane in a total of

42 eyes of 39 patients. Their study compared these procedures in
the treatment of recurrent corneal erosions associated with anterior
basement membrane dystrophy. They found no statistically signifi-
cant difference in haze and recurrence of erosions.

A statistically significant improvement in visual acuity after
epithelial debridement and diamond burr polishing was noted in
13 eyes of 10 patients by Tzelikis and co-workers.® These patients
were followed for an average of 21.8 months in this retrospective
study.

SUMMARY

Epithelial debridement and superficial keratectomy, although differ-
ent procedures, share similar indications and postoperative care.
They are relatively safe and effective procedures for several epithe-
lial and anterior corneal abnormalities.
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Corneal micropuncture in recurrent
erosion syndromes

Roy Scott Rubinfeld
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Commonly encountered in ophthalmic practice, recurrent erosion
syndrome is a painful, often frightening, and sometimes incapaci-
tating condition for many patients worldwide. In this syndrome,
as implied by its name, corneal epithelial cells erode, resulting in
denuded areas on the corneal surface. These areas then re-epithelial-
ize, and the process recurs when the epithelial cells slough again at
a later time. Erosions are characteristically episodic in nature, with
many patients free of symptoms other than perhaps a mild ocular
foreign body sensation or vague ‘awareness’ of the affected eye
between erosions. This sensation of awareness can be most notice-
able in dry, cold, or windy environments. Most erosions occur
during the evening or early morning hours and are described as an
abrupt ‘ripping’ or ‘tearing’ sensation generally followed immedi-
ately by sharp pain, a marked foreign body sensation, epiphora,
photophobia, visual disturbances, and often lid swelling.

These attacks may vary greatly in pattern and intensity. Some
patients have mild symptoms every few months or years, and some
experience severe, incapacitating, frequent erosions causing pain
and other symptoms lasting for hours or days at a time. In some
patients with recurrent erosion, the epithelial defects never fully
close, and loose sheets of epithelium slide over the surface of the
eye with each blink. These patients experience constant pain and
can be some of the most distraught individuals encountered in
clinical practice.

The unpredictable nature of recurrent erosions often heightens
patient anxiety. For active people, the knowledge that, on any given
day, they may suddenly experience acute pain and be unable to
work or participate in normal activities for hours or days at a time
can be extremely disturbing. It is not uncommon for patients with
severe erosions to begin displaying signs of depression and anxiety
disorders. Since most erosions occur during sleep or on awakening,
some patients come to fear falling asleep and experience varying
degrees of insomnia. The resulting disruption in normal sleep pat-
terns may exacerbate the patient’s psychologic stress as well as their
experience of the symptoms. Anxiety may even make erosions more
frequent by causing patients to open their eyes more quickly on
awakening and by inducing more rapid eye movements as well as
interfering with normal blinking and tear production.

PATHOPHYSIOLOGY

The pathophysiology of recurrent erosion syndrome is only partially
understood. Normal adhesion of the corneal epithelium depends
primarily on structures known as attachment complexes, which are
composed of elements from the basal epithelial cell, basement
membrane, Bowman'’s layer, and corneal stroma. Through electron
microscopic and immunohistochemical staining methods, these
elements are thought to include hemidesmosomes, basal lamina,
lamina densa, lamina lucida, anchoring fibrils, laminin, fibronectin,
and types IV and VII collagen.

Abnormalities of epithelial adhesion resulting in recurrent erosion
can be associated with previous traumatic abrasions or with corneal
dystrophies. In the case of erosions associated with previous trauma,
superficial injury to the cornea may damage the basement mem-
brane. Some corneas appear unable to re-form normal attachment
complexes, resulting in recurrent erosions occurring up to many
years after the original injury.

Many ophthalmic or systemic diseases are associated with an
increased incidence of recurrent erosions. A partial list of these
includes lattice, Reis-Biicklers’, macular, granular, and Meesmann’s
dystrophies; diabetes mellitus; and bullous keratopathy. Anterior
basement (Cogan’s or map-dot) corneal dystrophy is the dystrophy
most commonly responsible for recurrent corneal erosion. Basement
membrane abnormalities, including reduplication of basement
membrane within the epithelium (maps) and cystic degeneration of
cells (microcysts), have been reported to be present in 6-42% of the
general population."?

DIAGNOSIS

For clinicians familiar with the common features of recurrent
erosion syndrome, a patient with a history of previous trauma to
the involved eye, episodes of pain on awakening, and a ragged,
grayish-staining area of epithelium (Fig. 18.1) constitutes little or
no diagnostic challenge. The diagnosis of recurrent erosion syn-
drome in more subtle cases, however, can be quite difficult.
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Figure 18.1. Slit-lamp appearance of active recurrent erosion showing
ragged, edematous, disrupted gray epithelium (box). Note that the
area of erosion is surrounded by apparently intact but also edematous
grayish epithelium. (Courtesy of Peter R Laibson, MD; from Rubinfeld
RS. Recurrent corneal erosion. In: Roy FH, ed. Master Techniques in
Ophthalmic Surgery. Baltimore: Williams & Wilkins; 1995.)

The clinician should carefully inquire about trauma to the
involved eye. Often the patient will describe previous milder epi-
sodes of erosion, which helps support the diagnosis. Keen slit-lamp
examination is often required to find subtle signs of erosion. Several
different examination techniques can be helpful in this situation.
Broad, angled slit-beam examination of both eyes before and after
instillation of fluorescein (Figs 18.2 and 18.3) should be performed
as well as a retro-illumination examination of the cornea with dila-
tion of the pupil to discern signs of basement membrane dystrophy
or sites of previous erosion. This careful examination may not only
confirm the diagnosis but may also indicate which areas will need
to be treated. Gentle pressure applied to the cornea through the
eyelid may demonstrate wrinkling of loosely adherent epithelium.
A fine slit-beam examination may reveal subtle, residual brown
granularity of the stroma (brawny edema), which persists briefly
after restoration of epithelial integrity.

Sometimes even the best observer will discern no visible corneal
abnormalities on slit-lamp examination because the epithelial defect
has resolved in the time between the occurrence of the erosion and
the examination of the patient. In this situation the clinician should
be especially careful not to label the distraught patient with com-
plaints of eye pain and no visible signs of disease as ‘functional’
or ‘psychoneurotic.” Clinicians should remember that recurrent
erosion patients often display signs of anxiety and depression, as
previously described. In these situations when the diagnosis is in
question, the patient should be instructed to return for examination
immediately after the next episode of pain without allowing time
for the epithelium to heal and cover the erosion. Usually this
approach will not only confirm the diagnosis but will help in choos-
ing the correct treatment as well as the areas to be treated.

Figure 18.2. Broad beam slit-lamp appearance of anterior basement
membrane lines present in recurrent erosion patient. This pathology
was much less obvious using standard narrow slit-beam illumination.
(From Krachmer et al. Cornea, 2nd edn 2005, Elsevier, Chapter 91.
© Elsevier 2005.)

MEDICAL TREATMENT

For decades, recurrent erosion syndrome remained one of the more
frustrating ophthalmologic problems encountered in clinical practice
because of its occasional resistance to available treatments and pro-
longed course. Today, new therapies and a rational stepwise approach
to management of erosions provide opportunities to convert dis-
traught individuals suffering from persistent recurrent erosion into
some of the most grateful patients in a clinician’s practice.

TOPICAL AGENTS

A mainstay of medical treatment that remains effective to this day
for the vast majority of patients with corneal erosions involves the
long-term nightly use of hyperosmotic lubricating ointments. The
rationale for this treatment derives from the concept of nocturnal
relative hypotonicity of the preocular tear film. At night, with the
eyes closed, tear evaporation is reduced. The resultant lowered
concentration of dissolved salts in the tears is postulated to shift
the osmotic gradients, resulting in a relative increase in corneal
epithelial edema and consequent reduction in epithelial adhesion.
The vehicle (e.g. petrolatum) serves also to prevent erosions by
keeping the eye lubricated during rapid eye movements or while
opening the eyes in the morning. Hyperosmotic eyedrops during
the daytime are sometimes added to this approach in an effort to
minimize epithelial edema during waking hours as well, thus allow-
ing re-formation of more normal attachment complexes. These
agents must be used consistently for at least 6-12 months after the
patient’s last erosion, since it often takes this much time for re-



Figure 18.3. Slit-lamp appearance of the same patient’s eye as in
Figure 18.2 in which visualization of the basement membrane lines is
enhanced with a tear film thickly stained with fluorescein. (From
Krachmer et al. Cornea, 2nd edn 2005, Elsevier, Chapter 91.

© Elsevier 2005.)

formation of normal attachment complexes. Unfortunately, patients
frequently decide to stop the use of these topical agents soon after
the erosions resolve, only to have a recurrence, which may prolong
the time required for the attachment complexes to re-form. It is
essential to query and educate patients in this regard. Some clini-
cians use only bland lubricants without a hyperosmotic component,
but this approach may be less effective. Currently available hyper-
osmotic ointments include sodium chloride 5% (Muro-128, Bausch
& Lomb) and sulfacetamide 10% (Bleph-10, AK-Sulf).

In addition to the hyperosmotic agents that are now available,
other topical preparations may be of value in treating some patients
with recurrent erosions. Some promising results have been reported
in early studies using topical osmotic colloidal solutions® and clini-
cal trials are now underway to further evaluate these preparations.
Topical autologous serum eyedrops* as well as numerous investiga-
tional trophic growth factors may be demonstrated to be effective
in treating some erosion patients, especially in patients with more
severe types of epitheliopathy, such as those associated with long-
term diabetes or neurotrophic keratitis.

Some investigators® have suggested that topical corticosteroids
combined with oral doxycycline may help treat recurrent erosions
by inhibition of matrix metalloproteinase-9. The use of topical ste-
roids in the treatment of recurrent erosion must, however, be
weighed against the potential risks of infection, cataract, and intra-
ocular pressure elevation.

PATCHING AND BANDAGE LENSES

Patching during acute erosions in conjunction with lubricant/anti-
biotic agents is another effective treatment that helps to resolve the

acute erosion in the vast majority of patients. Bandage contact
lenses may be helpful in the case of acute erosions, but there may
be an increased risk of microbial keratitis associated with their
use.®” In addition, they are often not effective in preventing further
erosions except in cases where abnormalities in lid anatomy play a
significant causative role in the erosions. Patching acute erosions
and the consistent long-term nightly use of hyperosmotic ointments
effectively resolve recurrent erosion syndrome for the vast majority
of patients.

In addition to lid abnormalities or corneal inflammation, patients
with recurrent erosions may be found, on careful examination, to
have other concomitant ophthalmic diseases. Conditions such as dry
eye syndrome or meibomian gland dysfunction blepharitis should
be treated aggressively with frequent nonpreserved tear supple-
ments or systemic tetracycline (such as doxycycline 50 or 100 mg
orally each day), respectively.

SURGICAL TREATMENT

For patients in whom consistent, aggressive medical management
fails to resolve the erosions, there exist several effective surgical
options. The indication for surgical intervention is any situation in
which aggressive medical management does not improve the symp-
toms and signs of erosions, and when the patient’s continued pain
and epithelial defects interfere with normal activities. The presence
of recurring epithelial defects may result in infectious keratitis. This
risk of infection, in conjunction with the prospect of continued
patient disability and pain, generally overshadows the limited risks
of appropriate surgical treatment of recalcitrant recurrent erosions.
The choice of surgical approach is determined by the frequency and
severity of erosions, the presence of concomitant dystrophies or
other diseases, the etiology and location of the erosions, and the
patient’s needs and desires (Table 18.1).

DEBRIDEMENT AND SUPERFICIAL
KERATECTOMY

Historically, debridement®® and then superficial keratectomy'® were

the first surgical approaches to the treatment of resistant corneal
erosions, and these procedures remain in use today. Debridement
may be useful for removing a localized area of very loosely adherent
‘floppy’ sheet of epithelium in a limited number of erosion patients
(Fig. 18.4). This technique requires only a cotton swab or blunt
instrument and can be performed at the slit lamp with topical
anesthesia. The suboptimal efficacy and limitations of this proce-
dure derive from the fact that no significant modifications to
enhance epithelial adhesion are made in Bowman’s layer or other
deeper corneal structures. A more aggressive approach, generally
requiring the use of an operating microscope, is that of a large
superficial epithelial keratectomy. This technique is much more
likely to benefit recurrent erosion patients. The optimum candidate
for this procedure has spontaneous multiple erosions in different
areas of the cornea, no history of trauma, and severe basement
membrane dystrophy, resulting in poor vision and large areas of
loosely adherent irregular epithelium. After subconjunctival, perib-
ulbar, or retrobulbar injections of a local anesthetic agent (or, in
some highly cooperative patients, the use of topical anesthetic
agents) a lid speculum is inserted to hold the eye open. A superficial
plane of dissection using a blade or spatula is established in the
perilimbal area. Leaving approximately 1 mm of intact perilimbal
epithelium, the rest of the epithelium and its basement membrane,
if possible, are lifted and dissected free. An attempt should be made
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Table 18.1

Surgical therapies for recurrent erosion syndromes

Debridement
Single area of erosion
with localized loose
sheets of epithelium

Excimer PTK
Erosions in multiple
areas, moderate to
severe ABM, with

YAG Procedures

Unclear

Procedure ASP (ER) Epithelial Keratectomy
Optimum Localized Erosions in multiple areas,
candidate erosions with or moderate to severe ABM,
without mild to with decreased VA; loose
moderate ABM sheet of floppy epithelium
dystrophy
Availability Worldwide May require operating
microscope and diamond
burr apparatus
Cost Very inexpensive Moderate
Debridement - +
required with
Efficacy reports Excellent Excellent

decreased VA, loose
sheets of epithelium
with refractive error

Worldwide Limited Moderately limited

Very inexpensive Extremely expensive Moderately
expensive

+ + Debridement
required only for
older technique

Limited Mixed Some early

encouraging reports

ABM, anterior basement membrane; ASP, anterior stromal puncture; ER, epithelial reinforcement; PTK, phototherapeutic keratectomy; VA, visual

acuity; YAG, yttrium-aluminum-garnet.

Figure 18.4. Slit-lamp appearance of loosely adherent sheet of floppy
epithelium in a recurrent erosion patient. This sheet slid back and
forth across the cornea with each blink. Note that fluorescein staining
of the tear film helps make the loose epithelium more visible. (From
Krachmer et al. Cornea, 2nd edn, 2005, Elsevier, Chapter 91.

© Elsevier 2005.)

to peel and dissect away the epithelium in a continuous sheet. Per-
sistent epithelial fragments may be visualized by instilling fluores-
cein. Bowman'’s layer should not be incised but should be scraped
with a blade oriented perpendicular to the surface of the cornea,
taking care not to produce linear scars in Bowman’s layer. Alter-
natively, a diamond burr may be used to gently polish Bowman’s
layer to enhance epithelial adhesion as described by Forstot et al.'
Preoperatively, the instillation of several drops of topical nonste-
roidal anti-inflammatory agents such as bromfenac (Xibrom), ketor-
olac tromethamine (Acular), or diclofenac (Voltaren) generally helps

greatly with pain management in patients undergoing debridement
or superficial epithelial keratectomy procedures. Postoperatively the
use of these drops, in conjunction with a well-fitted bandage contact
lens for up to 3-5 days, usually improves patient comfort during
the early postoperative period. More recently a technique known as
alcohol delamination of the corneal epithelium'” has been proposed
to improve the efficacy of debridement in the treatment of recurrent
erosions.

ANTERIOR STROMAL PUNCTURE
(EPITHELIAL REINFORCEMENT,
CORNEAL MICROPUNCTURE)

In 1986 McLean et al" described a significant innovation in the
surgical management of resistant corneal erosions, which they
termed ‘anterior stromal puncture.’ This highly effective office tech-
nique involved the use of a straight 20-gauge needle to make mul-
tiple shallow penetrations through the epithelium into anterior
corneal stroma to improve epithelial adhesion, apparently by
forming tiny scarring attachments similar to the metalworking
technique of spot welding. Laibson' and co-workers expressed
concerns about the possibility of corneal perforation with a straight
needle, and several perforations have been reported using a 20-
gauge needle.”” Despite a high level of surgeon’s skill, these perfora-
tions may occur because of the natural tendency for many patients
undergoing stromal puncture to slowly back away from the slit lamp
during the procedure and then jerk forward unpredictably once they
realize their head position is wrong.

Concerns regarding this possibility of perforation, as well as
questions regarding depth of penetration, the possibility of exces-
sive scarring, and the reproducibility of results with stromal punc-
ture, prompted the design of a disposable, inexpensive, specialized
instrument for use in corneal micropuncture.’® In histopathologic
studies of cadavers and in clinical trials, this instrument has been
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Figure 18.5. Hematoxylin and eosin-stained human cadaver eye after
stromal puncture with conventional straight needle. The mean
penetration depth with this technique was 208 um (original
magnification x50). (From Krachmer et al. Cornea, 2nd edn, 2005,
Elsevier, Chapter 91. © Elsevier 2005.)

Figure 18.6. Hematoxylin and eosin-stained histopathology slide of
human cadaver eye after stromal puncture with a standardized
specially designed needle. Mean penetration with this needle was

108 um (Original magnification x50). (From Rubinfeld RS, MacRae SM,
Laibson PR, et al. Successful treatment of recurrent corneal erosion
with Nd:YAG anterior stromal pressure. Am J Ophthalmol 1991; 111:
252-254. © Elsevier 1991.)

shown to produce consistent, shallow penetrations (Figs 18.5 and
18.6), minimal scarring (Figs 18.7 and 18.8), and virtually elimi-
nated the possibility of perforation while retaining the high success
rate of anterior stromal puncture with a straight needle.'®
Anterior stromal puncture or micropuncture is an office proce-
dure performed conveniently at the slit lamp under topical anes-
thetic. When discussing this procedure with patients, the term
‘epithelial reinforcement’ may be substituted for ‘stromal puncture’
to allay patient anxiety (Lindstrom, personal communication). In
my experience, for most patients the use of the word ‘puncture’ is
the most frightening aspect of this technique. Before the procedure
(CPT Code 65600), the chart should be reviewed and drawings of
previous erosions studied to determine the area to be treated. A
careful preoperative slit-lamp examination should also include
retro-illumination. Epithelial reinforcement may be performed either
between erosive episodes or through loose, irregular epithelium
during an active erosion without the need for debridement. Topical
nonsteroidal drops such as ketorolac, diclofenac or bromfenac
should be instilled every 10-15 min, starting 30 min to 1 h before
the procedure to aid in postoperative pain management. In addition,
several drops of a fluoroquinolone, or other broad-spectrum anti-
biotic, may be used preoperatively to reduce the likelihood of infec-
tion by decreasing the bacterial population of the external eye.

Rights were not granted to include this figure
in electronic media. Please refer to
the printed book.

Figure 18.7. Slit-lamp photograph showing corneal scarring 3 months
after anterior stromal puncture with a 25-gauge straight needle. This
scarring faded slowly, becoming nearly invisible by 2 years after
surgery. (From Rubinfeld RS, Laibson PR, Cohen EJ, et al. Anterior
stromal puncture for recurrent erosion: further experience in new
instrumentation. Ophthalmic Surg 1990; 21: 318-326.)

Rights were not granted to include this figure
in electronic media. Please refer
to the printed book.

Figure 18.8. Slit-lamp photograph showing minimal corneal scarring
only 2 weeks after anterior stromal puncture with a standardized,
specially designed needle. This haze resolved completely by 2 months
after surgery and was no longer visible by slit-lamp examination.
(From Rubinfeld RS, Laibson PR, Cohen EJ, et al. Anterior stromal
puncture for recurrent erosion: further experience in new
instrumentation. Ophthalmic Surg 1990; 21: 318-326.)
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Figure 18.9. Epithelial reinforcement technique (stromal puncture).
The two preset bends in the standardized needle prevent the patient
from visualizing the needle tip and shaft, thereby reducing patient
anxiety. (From Rubinfeld RS. Recurrent corneal erosion. In: Roy FH,
ed. Master Technigues in Ophthalmic Surgery. Baltimore: Williams &
Wilkins; 1995.)

Fortunately, however, infections after epithelial reinforcement
(stromal puncture) are extremely rare.

Fluorescein, along with several drops of topical anesthetic, should
be applied to help visualize the puncture marks. The patient is
admonished not to move or blink without warning the surgeon and
is assured that the procedure itself is completely painless because
of the use of the topical anesthetic. A drop of anesthetic in the
nonoperative eye may help to control the urge to blink during the
procedure. The standardized disposable stromal puncture needle* is
mounted on a tuberculin syringe. The angled tip of the needle is
kept perpendicular to the surface of the cornea and a few punctures
are made. It is helpful to pause at this point to confirm for the
patient that the procedure is truly painless. Patient anxiety will
thereby be lessened and cooperation enhanced. Generally, the
design of the needle prohibits the patient from even visualizing the
device during the procedure, which also helps allay patient anxiety
(Fig. 18.9).

Closely placed, generally nonconfluent punctures should cover
the entire erosive area and should also include 1-2 mm of appar-
ently normal margins outside the visible limits of the erosive area.
Treatment of these apparently normal margins is necessary because
the loose epithelium usually extends beyond the visible limits of
the erosion, as can sometimes be demonstrated by retro-illumina-
tion (Fig. 18.10). Treatment within the pupillary space should be
minimized if possible, although in our experience subjective and
objective glare testing has revealed no problems in patients who
have been treated with the standardized needle in the pupillary
space.'® A topical antibiotic drop or ointment such as tobramycin
ointment or fluoroquinolone drops, a cycloplegic agent such as
scopolamine 0.25%, and more topical nonsteroidal drops are instilled

*Available from Sharpoint Surgical Specialties Corporation, Reading, PA
(order number 3800) 1.800.523.3332 www.surgicalspecialties.com (or
www.angiotech.com) or Bausch & Lomb/Storz, Rochester, NY (Stromal Punc-
ture Cannula) 1.800.338.2020 (order number E7185) www.storz.com.

Figure 18.10. Retro-illumination slit-lamp photograph taken
immediately after anterior stromal puncture. Note that the area of
anterior basement membrane abnormality (box) extends beyond the
limits of the treated fluorescein-stained erosive epithelium.
(Reproduced from Rubinfeld RS, Laibson PR, Cohen EJ, et al.
Anterior stromal puncture for recurrent erosion: further experience and
new instrumentation. Ophthalmic Surg 1990; 21: 318-326, by kind
permission of Slack Inc.)

postoperatively. A hydrophilic bandage lens can be applied and left
in place for 1-2 days, but this may increase the risks of postopera-
tive infection and, in the author’s experience, this has not improved
postoperative comfort significantly. Patients may use the topical
nonsteroidal agent up to three times daily as needed for pain over
the next 2-3 days. Alternatively, the eye may be patched without
a bandage lens after the nonsteroidal and antibiotic drops or oint-
ments are instilled. Oral oxycodone or codeine-acetaminophen
tablets or a systemic nonsteroidal agent should be prescribed. Once
re-epithelialization has occurred, hyperosmotic ointments are used
three or four times daily to lubricate and protect the delicate healing
epithelial tissue for several weeks postoperatively. Hyperosmotic
ointments should then consistently be used at bedtime for 6-12
months (and occasionally longer) after stromal puncture while
attachment complexes and other ultrastructural components are
re-forming to achieve maximal epithelial adhesion.

Postoperatively, following micropuncture, it is not uncommon for
patients to experience a foreign body sensation and occasionally
some subtle discomfort on awakening in the morning or at other
times when the eye is poorly lubricated. Also, patients often experi-
ence an ‘awareness’ of the eye for many months or more after their
erosions resolve. As with most erosion patients, this is particularly
noticeable on exposure to wind or dry air currents. In our experi-
ence with several years’ follow-up, a single anterior stromal punc-
ture (epithelial reinforcement) procedure is effective approximately
80% of the time in selected recurrent erosion patients (Laibson,
personal communication).” Treatment failure generally tends to
occur when the surgeon treats too small an area, and erosions then
develop outside of the treated area (Fig. 18.11). A second, larger
treatment can often resolve the erosions in patients in whom the
initial epithelial reinforcement procedure was unsuccessful. The
optimum candidate for anterior stromal puncture or epithelial rein-
forcement is the patient with a single persistent area of erosion
associated with previous trauma or minimal anterior basement
membrane dystrophy.

A technique dubbed ‘pancorneal puncture’ by MacRae, in which
large areas of the cornea are treated in patients with moderate



Figure 18.11. Slit-lamp photograph of small erosion (box) that
occurred 4 days after stromal puncture in an untreated area adjacent
to the original erosion. This is the same patient as shown in Figure
18.10. (Reproduced from Rubinfeld RS, Laibson PR, Cohen EJ, et al.
Anterior stromal puncture for recurrent erosion: further experience and
new instrumentation. Ophthalmic Surg 1990; 21: 318-326, by kind
permission of Slack, Inc.)

Figure 18.12. Slit-lamp photograph taken immediately after epithelial
reinforcement in a patient with moderate degrees of diffuse basement
membrane dystrophy and multiple recurrent corneal erosions. This
technique has been dubbed ‘pancorneal puncture.’ (From Krachmer
et al. Cornea, 2nd edn, 2005, Elsevier, Chapter 91. © Elsevier 2005.)

amounts of basement membrane dystrophy, can be quite effective
(Figs 18.12 and 18.13). Patients with severe basement membrane
dystrophy, however, with consequent loss of visual acuity and
numerous spontaneous, multifocal erosions are better candidates for
superficial keratectomy than anterior stromal puncture.

Although the efficacy of anterior stromal puncture has been
established, the mechanism of action of this technique has not been
fully elucidated. It has been postulated that multiple plugs of epi-
thelium fill the puncture sites and function as a series of ‘spot
welds,” focally binding the loosened sheets of corneal epithelium to
the underlying edematous stroma until more normal ultrastructural

Figure 18.13. Slit-lamp photograph of the same patient as in Figure
18.12 taken 2 months after pancorneal puncture treatment. The
patient is completely free of erosions at this point and remains so
throughout 2 years of follow-up. Note that almost no scarring (1) is
visible. (From Krachmer et al. Cornea, 2nd edn, 2005, Elsevier,
Chapter 91. © Elsevier 2005.)

architecture and attachment complexes can form.'>'® Katsev et al"
describe a case of stromal puncture in which punctures of 0.1 mm
depth caused a fibrotic reaction and new basement membrane
formed as well. Hsu et al”® performed electron microscopic and
immunohistochemical studies of stromal puncture in human corneas
with bullous keratopathy. Fibronectin, type IV collagen, and laminin
were found within the puncture sites and in the reactive subepithe-
lial pannus adjacent to the puncture site. They postulated that
stimulation of production of these extracellular matrix proteins may
be important in the attachment of epithelial cells to the underlying
connective tissue. Epithelial-stromal reactions in the development
of subepithelial fibrosis may also play a role in re-establishing epi-
thelial attachment.

Encouraged by the success of anterior stromal puncture in recur-
rent erosion patients without corneal dystrophies and in those with
basement membrane dystrophy, some surgeons have used this tech-
nique on patients whose corneal erosions are associated with bullous
keratopathy. Although corneal stromal edema is generally well toler-
ated, rupture of epithelial bullae and the resulting corneal erosions
in these patients can be very painful. For some of these bullous
keratopathy patients with erosions, who are poor candidates for
penetrating keratoplasty because of poor visual potential or medical
contraindications, stromal puncture has been shown to be a useful
treatment.'>'”**?! Epithelial reinforcement can also be used to control
painful erosions in patients with bullous keratopathy, who are await-
ing corneal transplantation. The optimum candidates for this type
of treatment are those whose bullae are localized””' and not dif-
fusely distributed throughout the cornea (Figs 18.14 and 18.15).

YAG LASER PROCEDURES

Several investigators have suggested the use of YAG laser treat-
ments for resistant corneal erosions. Geggel* initially proposed a
technique in which epithelial debridement was performed and then
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Figure 18.14. Slit-lamp photograph of patient with bullous
keratopathy and secondary painful corneal erosions. Note bullous
elevation of the corneal epithelium (1). (Reproduced from Hsu JK,
Rubinfeld RS, Barry P, et al. Anterior stromal puncture.
Immunohistochemical studies in human corneas. Arch Ophthalmol
1993; 111: 1057-1063. © 1993 American Medical Association.)

Figure 18.15. Slit-lamp photograph of the same patient as in Figure
18.14, 8 months after anterior stromal puncture treatment. This
patient remained free of any further painful corneal erosions for over 4
years of follow-up. Note the resolution of the subepithelial bullae and
the formation of subepithelial fibrosis/pannus (1). (Reproduced from
Hsu JK, Rubinfeld RS, Barry P, et al. Anterior stromal puncture.
Immunohistochemical studies in human corneas. Arch Ophthalmol
1993; 111: 1057-1063. © 1993 American Medical Association.)

photodisruption of the anterior corneal stroma was induced with
the YAG laser. Katz et al”® reported modifying the procedure so that
debridement was not necessary. They renamed this technique
Nd:YAG laser photo-induced adhesion. Extensive experience and
long-term follow-up are not available with these techniques, and
they involve more expensive technology than stromal puncture.'®
However, these approaches, especially the technique that eliminates
the need for debridement, may have some role in the treatment of
patients with resistant corneal erosions.

EXCIMER PHOTOTHERAPEUTIC
KERATECTOMY

The ArFl excimer laser has been used to treat patients with recurrent
corneal erosions.”**® This application of the excimer laser is covered
more extensively in Chapters 19 and 20. However, a limited discus-
sion of this approach is appropriate here. Phototherapeutic keratec-
tomy (PTK) using the excimer laser involves treating Bowman’s
layer or anterior stroma, resulting in an ultramicroscopically modi-
fied, roughened surface to anchor the corneal epithelium (Stein,
unpublished). This approach involves extremely expensive technol-
ogy, and clinical experience and long-term follow-up data are
limited. Also, surgical technique and success rates vary widely with
individual surgeons, patient characteristics, and laser techniques.
One group of investigators® has, in fact, reported that symptoms
of recurrent erosion were more common and more pronounced in
patients who had PRK than in patients who had LASIK for the cor-
rection of myopia.

The patient’s epithelium is usually removed mechanically by
scraping with a spatula or blade, since using the laser to ablate the
epithelium in patients with severe basement membrane dystrophy
can induce irregularities in the deeper corneal tissues. Development
of better coupling or masking agents may eliminate this problem
in the future. Once the epithelium is removed, the laser is used to
treat or ‘dust’ Bowman’s layer.

Excimer PTK usually results in a postoperative refractive shift
toward hyperopia. In patients with myopia and corneal erosions
associated with marked basement membrane dystrophy the excimer
laser can be used to perform a combined PTK and photorefractive
keratectomy (PRK) procedure. In this case, the PRK parameters and
techniques are determined in part by the patient’s preoperative
refractive status. Combining PTK and PRK can reduce or eliminate
ametropia, improve the best corrected vision by reducing the surface
irregularity of the dystrophic epithelium, and resolve the recurrent
corneal erosions. Postoperatively, bandage contact lenses along
with topical nonsteroidal agents and antibiotics are generally
used.

Despite questions regarding cost, refractive shift, long-term
success rates, and wide variation in technique, excimer PTK may
be an important treatment for recurrent erosions, especially in
patients whose corneal erosions are associated with marked base-
ment membrane dystrophy and ametropia. In addition, patients with
corneal erosions caused by other corneal dystrophies, such as super-
ficial variant of granular dystrophy, Reis-Biicklers’ dystrophy, and
other similar conditions involving the anterior cornea may be excel-
lent candidates for excimer PTK.

DISCLAIMER

The author has no proprietary interest in any of the devices or
techniques described herein.
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SECTION 1: Phototherapeutic keratectomy

Phototherapeutic keratectomy:
indications, contraindications,
and preoperative evaluation

Liane M. Clamen,

Z

Waleed Mahran, Dimitri T. Azar

In 1981, the US Air Force School of Aerospace Medicine first began
researching the effects of the 193-nm argon fluoride (ArF) excimer
laser on the eye.' Trokel and co-workers® in New York then found
that the excimer laser could produce precise corneal ablations in
bovine eyes; in 1983, they published the first article to describe the
surgical potential of excimer photoablation. By 1985, Seiler per-
formed the first excimer laser phototherapeutic keratectomy in a
sighted eye.’ In the spring of 1995, the US Food and Drug Admin-
istration issued premarket approval of the Summit (Waltham,
MA) and VISX (Santa Clara, CA) lasers for phototherapeutic
keratectomy.

The popularity of PTK for treatment of corneal opacities and
irregularities stems from the fact that the 193-nm ArF excimer laser
emits pulses of light that ablate the cornea with submicrometer
precision and with minimal damage to adjacent tissue.* The high-
energy ultraviolet light emitted by the laser allows for accurate
control of the depth and shape of tissue removal. By removing
precise amounts of superficial corneal stroma, PTK leaves an opti-
cally smooth surface with reformation of basement membrane
complexes and minimal corneal scarring.”*® Phototherapeutic kera-
tectomy has various advantages over manual keratectomy surgery.
Manual keratectomy with diamond and steel blades produces more
irregular and diffuse tissue damage when compared to a 193-nm
ArF excimer laser. Although manual keratectomy cannot create a
clear boundary between the treated and untreated area at the his-
tologic level, PTK can produce an exact histologic border.” Patients
who are successfully treated with PTK can postpone or avoid more
invasive techniques, such as surgical keratoplasty.

INDICATIONS

Many cases of visual loss resulting from corneal pathologic condi-
tions can be corrected with corneal keratoplasty. However, corneal
transplantation carries the risk of rejection, graft failure, endo-
phthalmitis, dramatic postgraft astigmatism, and expulsive choroi-
dal hemorrhage. In addition, the initial corneal infection or dystrophy
may recur in the graft. Of the more than 34000 corneal transplants
performed each year in the USA, as many as 10% produce poor
results.” ' In some circumstances, PTK is a less expensive, easier,

and more effective method than corneal keratoplasty. The efficacy
of PTK varies widely, depending on both the underlying diagnosis
and the preoperative condition of the cornea.

A multicenter trial that reviewed the results of PTK treatment in
232 eyes concluded that the best candidate eyes are those with
superficial corneal opacities and without significant corneal thin-
ning."” In eyes with a central corneal thickness of less than 400 um
or an opacity deeper than the anterior 100 um of the corneal
stroma, there is an increased likelihood that PTK will cause com-
plications. In these eyes, PTK may create an exceptionally thin
cornea, thereby causing regular and irregular astigmatism, postop-
erative haze, a hyperopic shift, or a combination thereof.'” Similarly,
Marshall and co-workers" noted endothelial cell loss after PTK
when the remaining unablated stromal thickness is 40 um or less.
It is not known, however, if similar endothelial loss would occur
with equally deep mechanical lamellar dissection. The results of
reports on PTK for various indications are summarized in Table
19.1.

RECURRENT CORNEAL EROSIONS

For patients with recurrent corneal erosions recalcitrant to conven-
tional treatments, surgical options include manual epithelial
debridement, anterior stromal puncture, and phototherapeutic kera-
tectomy. Because the treatment depth of excimer laser photoabla-
tion is relatively shallow (5-10 um) and usually limited to Bowman’s
layer, corneal wound healing is faster and significant postoperative
hyperopic shift is absent (Table 19.2).

One disadvantage of PTK is postoperative pain caused by epithe-
lial removal. Ardjomand and co-workers introduced a modified
technique to reduce the immediate pain from removal of the epi-
thelium after PTK in the treatment of recurrent corneal erosion. PTK
with an epithelial flap or epithelial reflap similar to laser-assisted
subepithelial keratectomy (LASEK), in which the peeled epithelium
is placed back on the stroma, may result in faster postoperative
visual rehabilitation and reduction of ocular pain in the immediate
postoperative period. The relatively weak adherence of the epithe-
lium to the stroma makes ethanol treatment before epithelial peeling
unnecessary.'*
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Table 19.2 Recurrent corneal erosions
SUCCESS AFTER
TREATMENTS
Study Laser No. Phototherapeutic Keratectomy Follow-up Initial Retreatment
Eyes (months)

Jain® NIDEK 77 Epithelial debridement and 30-um PTK 24 53 (69%)

Ohman®' Summit/VISX 76 Epithelial debridement and 3-um or 5-20-um  16.3 56 (74%) 70 (92%)
PTK through intact epithelium

Dausch® Meditec (800 mJ/cm?) 74 1-3-um PTK at epithelial defect sites 21.1 55 (74%) —
30-40-um PTK at marginal epithelium

Fagerholm®  Summit 37 Epithelial debridement and 3-um PTK 11.8 31 (84%) 37 (100%)

Holzer®® Schwind 25 Epithelial debridement and 18.82-um PTK 15.5 20 (80%) 1 (84%)

Chow?®* Schwind 13 Epithelial debridement and 4.6-um PTK 49.5 11 (84.6%)

Forster®® Summit 9 Epithelial debridement and 3-4-um PTK 6.0 8 (89%) —

Rapuano®®  VISX 3 — 9.0 3(100%) —

John® Summit 2 Epithelial debridement and 3-4-um PTK —

Sher® Taunton 1 Epithelial debridement and 30-um PTK 10.0 1 (100%) —
(simultaneous corneal scar removal)

Hersh®' Summit 1 Epithelial debridement and 3.8-um PTK 4.0 1 (100%) —

Modified from Azar DT, Jain S, Stark W. Phototherapeutic keratectomy. In: Azar DT, ed. Refractive Surgery. Connecticut: Appleton and Lange;

1996.

Kim and co-workers evaluated the use of multifocal PTK for the
treatment of indolent and persistent epithelial defect (PED) in 15
eyes. Ablation was performed along the sites surrounding the epi-
thelial defect until a smooth corneal ablative bed was achieved. The
ablation depth was less than 45 um at each site to prevent going
beyond Bowman’s membrane. Re-epithelialization occurred in 13
eyes within 7 days. It required 11 and 12 days in 2 eyes. One case
developed an epithelial defect in a different site on the cornea 3
months after surgery and was subsequently retreated.'”” Success-
ful retreatment with PTK has been employed for patients with per-
sistent macroerosions who have failed primary phototherapeutic
keratectomy.'®

BULLOUS KERATOPATHY

Two studies have evaluated the role of PTK in bullous keratopathy
(BK). Maini and co-workers" studied the efficacy of PTK for pain
relief for patients with painful BK and poor visual potential. Lin
and co-workers' evaluated the therapeutic effects of PTK combined
with therapeutic contact lens for painful recurrent corneal erosions
secondary to BK not suitable for penetrating keratoplasty. Both
studies concluded that PTK can be a useful therapeutic measure in
painful BK. Deep PTK appears to be more successful in pain man-
agement than superficial treatment.

CORNEAL DYSTROPHIES

Corneal dystrophies are a group of hereditary disorders that affect
the central part of both corneas and are not associated with inflam-
mation or systemic disease. Typically, the disorders show autosomal
dominant inheritance with variable expressivity, early onset (present
in the first few decades of life), and either stationary or slow pro-

gression. Corneal dystrophies may involve any of the five layers
of the cornea. Phototherapeutic keratectomy is most effective for
superficial corneal dystrophies that involve the epithelium, the
epithelial basement membrane, and Bowman'’s layer. For these con-
ditions, PTK may obviate the need for conventional invasive surgery
such as lamellar and penetrating keratoplasty. Such traditional
surgeries may be necessary in cases of deep stromal dystrophies,
however, for which PTK is less effective.'>*

Dystrophies of the epithelium and basement membrane: Super-
ficial corneal lesions of the epithelium and epithelial basement
membrane include juvenile hereditary epithelial (Meesmann’s) dys-
trophy and map-dot-fingerprint (Cogan’s) dystrophy. Photothera-
peutic keratectomy ablation to a depth of 3-4 um has been shown
to be an effective treatment for these conditions.' Although a high
success rate for PTK has been reported in the management of super-
ficial corneal dystrophies, PTK is usually unnecessary.’”'>*' Most
often, the decreased visual acuity accompanying these dystrophies
is the result of an irregular epithelium over the pupil. Because
corneal scraping should be sufficient to remove the irregular epi-
thelium, PTK should be reserved for recalcitrant eyes.'>"

Reis-Biicklers’ dystrophy of Bowman’s layer: First defined by
Reis in 1917, Reis-Biicklers’ dystrophy was later described in more
detail by Biicklers.”’ Reis-Biicklers’ dystrophy is a bilateral disorder
with deposits limited to Bowman'’s layer, leading to episodes of
ocular irritation, photophobia, and watering. After the third decade
of life the attacks become less frequent, but visual acuity decreases
as scar tissue replaces Bowman'’s layer. The decrease in visual acuity
is secondary to both the diffuse, subepithelial opacification and the
irregular corneal surface.'””*

Although advanced cases of Reis-Biicklers’ dystrophy can be
treated with lamellar or penetrating keratoplasty, the dystrophy
often recurs in the grafts, requiring repeat grafting. However, nine
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Table 19.3 Reis-blicklers’ dystrophy

Rights were not granted to include this data in electronic media.
Please refer to the printed book.

From Azar DT, Jain S, Stark W. Phototherapeutic keratectomy. In: Azar DT, ed. Refractive Surgery. Connecticut: Appleton and Lange; 1996.

recently published studies have independently documented the high
success rate for PTK in the treatment of Reis-Biicklers’ dystrophy
(Table 19.3). Typically, laser stromal treatment does not exceed
15-20 pm."

Stromal dystrophies: Although phototherapeutic keratectomy is
an excellent treatment for dystrophies of the superficial cornea, it
has a lower success rate with the deeper, stromal dystrophies.

Granular dystrophy: Treatment options for late-stage granular
dystrophy include lamellar keratectomy or PTK. One problem with
transplantation is that recurrences often occur in the grafts, some-
times as early as 1 year after surgery.”>*® The success rate of PTK
for the treatment of granular dystrophy is variable (Table 19.4). Note
that recurrent granular dystrophy in a graft is another indication
for PTK, and that just as granular dystrophy may recur after a surgi-
cal keratectomy, it can also recur after PTK treatment.”””®

Macular dystrophy: Macular dystrophy is a bilateral, symmetric
autosomal recessive disorder, presenting in the first decade, that
results in opacities which can affect stroma, Descemet’s membrane,

and corneal endothelium. The distribution of opacities thus makes
the efficacy of PTK questionable.

Hafner and co-workers investigated the functional and morpho-
logical long-term outcome of PTK in macular corneal dystrophy in
10 patients. They concluded that PTK may be a reasonable treatment
option in a case of superficially accentuated plaque-like stromal
deposits in the central cornea, increasing BSCVA moderately for a
limited period of time. Despite possible complications, primary PK
still appears to be the definitive therapeutic option for patients with
macular corneal dystrophy.”

Lattice dystrophy: In the early stages, lattice dystrophy can
present as dots and branching lattice lines in the anterior axial
stroma or as a diffuse haze in the center of the cornea. Over time,
the faint central haze becomes more dense and eventually leads to
reduced visual acuity.”® Recurrent erosions can become a prominent
feature.

PTK is a very successful method of treating lattice dystrophy
(Table 19.5). As with granular dystrophy, lattice dystrophy often



Table 19.4 Granular dystrophy
HYPEROPIC
SHIFTS
Study Laser No. Phototherapeutic Keratectomy Follow-up  Success  Eyes (%) Range (D)
Eyes (months) rate (%)
Rapuano” VISX 9 Transepithelial approach PTK (90-122 um) 1.8 89
Rapuano®¢” VISX 6 Epithelial debridement/ablation 8.3 83 66 0.62-2.0
Stewart* Technolas 5 Mechanical epithelial debridement 22.3 80
Orndahl™ Summit 4 Fluorescence-guided epithelial ablation 12.0 75 — Up to 2.0
PTK (45 pm)
Stark* VISX 4 PTK standard taper/modified taper — 75 — —
Hahn" Summit 2 Hydroxymethylcellulose (1.0%) 8.3 66 66 Up to 2.0
Mechanical epithelial debridement
PTK (40 pm) focal technique
Sher*®® Taunton 2 Mechanical epithelial debridement 6.0 0 100 0.3-1.1
PTK (5 um)
(Combined ‘myopic and hyperopic’ cut)
PTK disciform/elliptical
Nassaralla™ VISX 2 Epithelial debridement/ablation 42.0 100 — —
PTK (110 um) disciform
Dogru?® Nidek 2 transepithelial ablation PTK (120-130 pum) 15 100 50 1.0
Campos® VISX 1 Epithelial debridement 24.0 100 — —
PTK (110 um) disciform

Modified from Azar DT, Jain S, Stark W. Phototherapeutic keratectomy. In: Azar DT, ed. Refractive Surgery. Connecticut: Appleton and Lange;
1996.
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Table 19.5 Lattice dystrophy
HYPEROPIC
SHIFTS
Study Laser No. Phototherapeutic Keratectomy Follow-up Success Eyes (%) Range (D)
Eyes (months) rate (%)
Orndahl™ Summit
VISX 11 Fluorescence-guided epithelial ablation
PTK (45 um) 12 90 — Up to 2.0
Stark* VISX 11 PTK standard/modified taper — 90 — —
Stewart* Technolas 5 Mechanical epithelial debridement PTK (7-137 um) 22.3 100
Rapuano” VISX 5 Transepithelial approach PTK (84-130 um) 1.8 80
Campos® VISX 2 Mechanical epithelial debridement 10 100 100 3.0-8.2
PTK (100-110 um); disciform
Nassaralla”  VISX 2 Epithelial debridement/ablation 53.5 100 50 8.0
PTK (125 um)
Hersh?®! Summit 1 Hydroxymethylcellulose (1.0%) 4 100 0 —
Epithelial debridement/ablation
PTK smoothing technique

Modified from Azar DT, Jain S, Stark W. Phototherapeutic keratectomy. In: Azar DT, ed. Refractive Surgery. Connecticut: Appleton and Lange;
1996.
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recurs after corneal transplantation. Fortunately, PTK can be par-
ticularly valuable in patients who have recurrent lattice dystrophy
in the graft because these recurrences tend to be relatively
superficial.

Schnyder’s dystrophy: Central crystalline dystrophy of Schnyder
is characterized by bilateral central corneal opacities that generally
occur in early life, sometimes as early as 2 months of age. A slowly
progressive autosomal dominant disease, Schnyder’s dystrophy may
often go unnoticed, but it may cause a moderate reduction of visual
acuity. The yellow-white opacity of Schnyder’s dystrophy primarily
involves Bowman'’s layer and the anterior stroma; frequently, it
extends into the deeper layers. The epithelium and intervening
stroma are usually clear, but punctate white opacities may be scat-
tered in the stroma.'

In cases of decreased visual acuity, PTK can be used to remove
the central opacities only if they are superficial.”® There have been
very few reports of eyes with Schnyder’s dystrophy that have been
treated with PTK (see Table 19.1). In instances when PTK fails to
improve the vision, penetrating or lamellar keratoplasty can be
performed.

CORNEAL SCARS

Phototherapeutic keratectomy treatment of corneal scars that are
limited to the superficial stroma produces significant improvement
of visual function.*’” Visual improvement after phototherapeutic
keratectomy of deeper corneal scars is less likely to occur for the
following reasons: (1) the scar may ablate at a different rate than
the adjacent normal stroma and (2) this irregular ablation, along
with the presence of calcified or cartilaginous tissue, may result in
postoperative irregular astigmatism.”'

Post-traumatic scars: Although there has not been a large cohort
of reported cases of post-traumatic scars that have been treated with
PTK, some investigators have described the results of such treatment
(Table 19.6). In general, PTK should be avoided if the scar is of full
thickness, but may be attempted if the scar is superficial.

Postinfectious and postherpetic scars: Although most investiga-
tors agree that PTK should not be used in the treatment of active
infectious keratitis (see later discussion), there is still some contro-
versy over the success of PTK in treating postinfectious scars.
Perhaps the controversy stems from the variable success rate in PTK
treatment of postinfectious and postherpetic scars (Table 19.7).
Migden and co-workers®' reported significant visual improvement
in none of the five postinfectious eyes at 3 months follow-up after

treatment with PTK. Campos and co-workers® found significant
improvement in two of six eyes with postinfectious scars.

Some investigators have attempted to use PTK to treat both
postinfectious scars and postherpetic scars. Sher and co-workers®
reported significant visual improvement in three of five eyes with
postinfectious scars, but in only one of four eyes with scars resulting
from herpes simplex virus (HSV) infection. Fagerholm and co-
workers® reported a 73% success rate (22 of 30 eyes) with scars
secondary to infection, and an 80% success rate (12 of 15 eyes)
with scars secondary to HSV infection. Eyes with scars from HSV
keratitis are at risk for recurrence of HSV keratitis after PTK.*® It is
still unknown, however, whether PTK increases the incidence of
recurrences of HSV or whether patients would experience the same
frequency of recurrences without PTK treatment.’® Nonetheless, with
the variable success rates for postherpetic scars, many investigators
believe that the risk of recurrence in herpetic disease outweighs
the potential benefits of treating herpetic scars with photo-
therapeutic keratectomy, unless the alternative is penetrating
keratoplasty.*?>?%3¢

Postpterygium scars: After pterygium surgery, superficial corneal
scars may remain on the eye, occasionally causing irregular astig-
matism and opacification. Because the postpterygium scars are
usually superficial, PTK is often a successful treatment (Table 19.8).
Using PTK during the primary surgical excision of the pterygium
may be more complicated because of the presence of corneal swell-
ing and intraoperative bleeding. Walkow and co-workers investi-
gated the long-term functional results of the combination of PTK
and local mitomycin C therapy after bare sclera technique pteryg-
ium excision. They found that this technique led to improve-
ments in visual acuity, low recurrence rate, and minimal
complications.”’

CORNEAL IRREGULARITIES

Band keratopathy: Band keratopathy is a degenerative condition
characterized by the gradual development of a gray-white opacity
of the superficial cornea. Calcium is deposited in the basement
membrane, Bowman'’s layer, and anterior stromal lamellae. When
the pathologic condition extends over the visual axis, patients may
complain of glare and decreased visual acuity. In addition, consider-
able ocular irritation and discomfort arises if the epithelial surface
is breached.’®

Treatment of primary band keratopathy typically involves remov-
ing the opaque calcium deposits by manual debridement combined

Table 19.6 Post-traumatic scar

Rights were not granted to include this data in electronic media.
Please refer to the printed book.

From Azar DT, Jain S, Stark W. Phototherapeutic keratectomy. In: Azar DT, ed. Refractive Surgery. Connecticut: Appleton and Lange; 1996.



Table 19.7 Postinfectious scars and postherpetic scars

Rights were not granted to include this data in electronic media.
Please refer to the printed book.

From Azar DT, Jain S, Stark W. Phototherapeutic keratectomy. In: Azar DT, ed. Refractive Surgery. Connecticut: Appleton and Lange; 1996.

Table 19.8 Post-pterygium scar

Rights were not granted to include this data in electronic media.
Please refer to the printed book.

From Azar DT, Jain S, Stark W. Phototherapeutic keratectomy. In: Azar DT, ed. Refractive Surgery. Connecticut: Appleton and Lange; 1996.

with a chelating agent such as ethylenediaminetetraacetic acid
(EDTA).***333%3 Some investigators have attempted to treat band
keratopathy with PTK (Table 19.9). O’Brart and co-workers*® report
a high success rate of 91% in treating band keratopathy (113 of
122 eyes improved after PTK). Others have had less positive results.
Maloney and co-workers'” performed PTK on 21 eyes with band
keratopathy and recorded a mean improvement in vision of only
0.1 line. Stewart and co-worker*' found that BCSVA was improved
or unchanged in 18/33 eyes (55%), while there was loss of one or
more lines of acuity in 15/33 (45%). They suggested that these poor
results are the result of coexisting ocular disease, which often
accompanies calcific band keratopathy. Sher and co-workers® and
Campos and co-workers®” also had little success with PTK for the

treatment of band keratopathy. One possible reason for the poor
results is that calcium does not ablate at the same rate as corneal
stroma. Because of this difference, there is a high risk of obtaining
a severely irregular corneal surface after treatment with PTK. Thus,
it is best to remove the superficial calcium first with a calcium
chelating agent such as EDTA and later, if necessary, PTK can be
used to treat any residual corneal opacification.’®**

SALZMANN’S NODULAR DEGENERATION

Salzmann’s nodular degeneration is characterized by degeneration
of the superficial cornea. In Salzmann’s degeneration, the com-
bination of corneal nodules, corneal surface irregularities, and
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Table 19.9 Band keratopathy

Rights were not granted to include this data in electronic media.
Please refer to the printed book.

From Azar DT, Jain S, Stark W. Phototherapeutic keratectomy. In: Azar DT, ed. Refractive Surgery. Connecticut: Appleton and Lange; 1996.

Table 19.10 Salzmann’s nodular degeneration

Rights were not granted to include this data in electronic media.
Please refer to the printed book.

From Azar DT, Jain S, Stark W. Phototherapeutic keratectomy. In: Azar DT, ed. Refractive Surgery. Connecticut: Appleton and Lange; 1996.

associated refractive error may lead to visual impairment. The pre-
ferred treatment is mechanical debridement. However, if this cannot
be achieved or if there are remaining opacities or elevations after
the superficial corneal debridement, then laser treatment can be
useful. By filling in depressed areas so that nearby elevated areas
can be treated further, masking agents are useful in creating a
smooth corneal surface.”

When the pathologic condition secondary to Salzmann'’s nodular
degeneration involves the anterior one-third of the cornea, PTK is
generally effective in establishing a uniform, smooth surface and
in removing opacities causing optical degradation, while minimiz-
ing any induced refractive change.** Elevated corneal opacities,
such as Salzmann’s nodular degeneration, often have good results

after treatment with PTK (Table 19.10), but the condition may
recur.'

Corneo-conjunctival carcinoma

Spadea and co-workers*® evaluated the use of PTK in the treatment
of recurrent intraepithelial corneo-conjunctival carcinoma. They
found that PTK was very effective in destroying dysplastic superfi-
cial corneo-conjunctival cells, preventing a recurrence of the tumor
and resulting in a clear cornea, normal corneal topography, and
visual acuity of 20/20 with correction. The laser ablation was very
superficial and the Bowman’s layer only partially ablated. They
concluded that PTK could be considered a minimally invasive, effec-
tive, and safe treatment for recurrent corneal in situ carcinoma.



CONTRAINDICATIONS

HYPEROPIA

Phototherapeutic keratectomy can create a significant hyperopic
shift as a result of associated corneal flattening. Four potential
mechanisms for the hyperopic shift include: (1) greater degrees of
epithelial hyperplasia and tear film thickness at the edge of ablation;
(2) greater ablation in the center of the area of the corneal patho-
logic condition thins progressively toward the visual axis; (3)
increased shielding of the stroma toward the edge of the ablated
zone by the ablation products (plume); and (4) the oblique angle of
incident radiation falls on the more peripheral cornea, causing a
decreased peripheral ablation.?"***

One may attempt to minimize undesired hyperopic shifts through
careful planning before surgery and through periodic slit-lamp
examination during the procedure.’ In addition, the use of appro-
priate masking agents may minimize the hyperopic shift.”! Other
strategies for minimizing hyperopic shifts include Stark’s modified
taper technique* or Sher’s method of using the laser system to cut
a secondary hyperopic correction (‘combined’ ablation).?** However,
in patients who already have a considerable degree of hyperopia,
it may be best to avoid PTK.

CORNEAL THICKNESS

As noted later, when PTK treatment leaves a thin cornea, laser-
induced scarring may significantly limit visual improvement and
corneal instability may ensue. One may choose to exclude eyes with
central corneal thickness less than 400 um or an opacity deeper
than the anterior 100 um of the corneal stroma.'” Typically, eyes
with a predicted postoperative corneal thickness less than 250 um
are less likely to have good results from PTK, and this may also be
used as a criteria for exclusion from treatment.”

OTHER OCULAR AND SYSTEMIC
CONTRAINDICATIONS

It has been suggested that scarring resulting from adenoviral epi-
demic keratoconjunctivitis should only be treated after the keratitis
has been quiescent. At this time, the eye should be treated as gently
and lightly as possible because continued corneal remodeling and
possible antigen-antibody reaction reactivation may cause new
scarring.”® Uncontrolled uveitis, severe blepharitis, and lagophthal-
mos are also contraindications to PTK under many protocols. Sys-
temic contraindications to phototherapeutic keratectomy include
immunosuppression, collagen vascular disorders, and other prob-
lems that affect healing.

RELATIVE CONTRAINDICATIONS

INFECTIOUS KERATITIS

There are a variety of reasons why the treatment of active infectious
keratitis has been discouraged. First, one must be concerned with
the potential dissemination of microorganisms during or after PTK
treatment. Second, stromal involvement in most corneal infections
extends deeper than the clinically visible lesion; PTK would not be
effective in treating mid- or deep stromal infiltrates because tissue
penetration depth of 193-nm radiation is 1 um at most.*’ Lin and
co-workers,* however, showed different results. They evaluated the

efficacy of using PTK in the treatment of superficial keratomycosis
in nine patients and concluded that PTK can shorten treatment time,
hasten re-epithelialization, and restore reasonably good vision. PTK
can be a valuable therapeutic alternative for superficial keratomy-
cosis, especially in instances where there is poor response to treat-
ment by topical antifungal agents alone.

LONG-STANDING POST-TRAUMATIC
AND DEEP STROMAL SCARS

Although the success rate of PTK treatment of post-traumatic scars
averages approximately 60%, PTK has been less successful in the
treatment of post-traumatic scars in the superficial stroma that are
long standing. These scars may prove resistant to ablation.” The
use of surface-modulating agents or the ‘smoothing’ technique may
make it easier to ablate these scars. The smoothing technique
involves gently rotating the head under the laser beam to blend the
edges of the irregularities. In addition, further irregularities can be
avoided by maintaining the corneal surface meticulously clear of
debris and cellular remnants. Deep corneal scars should not be
treated with PTK because of the untoward effects of corneal thin-
ning that may result from such treatments.

BAND KERATOPATHY

As noted above, the standard treatment for the removal of band
keratopathy is debridement with a chelating agent such as EDTA
combined with manual debridement. Although some investigators
have experienced success in treating band keratopathy with PTK
alone, one should use caution. First, patients with band keratopathy
often have coexisting ocular disease. Band keratopathy is often
associated with juvenile rheumatoid arthritis, and it has been
described in long-standing inflammatory conditions of the eye.
Second, because calcium does not ablate at the same rate as corneal
stroma, PTK can create an irregular corneal surface when used to
treat band keratopathy. As previously discussed, if one uses PTK to
treat band keratopathy, it is best to apply EDTA on the eye first
to remove the superficial calcium.”

RECURRENT EROSIONS

As noted above, PTK has a success rate of 77% in the treatment of
recurrent corneal erosions. One hypothesis for this high success rate
is that by smoothing the subepithelial corneal surface, PTK creates
a substrate conducive to epithelial migration and adhesion.”!
Although PTK is useful for recalcitrant recurrent epithelial erosions,
conservative methods should continue to be the first line of treat-
ment because most patients with recurrent corneal erosions experi-
ence relief of symptoms with such methods. Current treatments
include manual epithelial debridement, anterior stromal puncture,
and bandage contact lenses.

PREOPERATIVE EVALUATION

The preoperative evaluation should include a thorough history of
systemic and ocular problems so that patients with contraindica-
tions to the procedure are identified. A complete preoperative exam
should also include best spectacle-corrected and -uncorrected
Snellen acuity. In addition, best spectacle-corrected acuity should
be compared with the visual potential, which may be evaluated with
a pinhole, hard contact lens, and potential acuity meter. One should
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also perform intraocular pressure measurements, manifest refrac-
tion, keratometry, dilated fundus examination, a visual fields test,
and a test of extraocular movements. A slit-lamp microscopy exam-
ination is necessary to determine the type, depth, and extent of the
corneal pathologic condition. To devise the best treatment plan, it
is important to determine the type of pathologic condition before
surgery. For example, disorders such as Salzmann’s nodular degen-
eration can usually be scraped mechanically off Bowman’s layer
before determining if excimer laser therapy is then necessary to
remove residual nodules and smooth the surface. The depth of the
corneal pathologic condition is important to determine in a preop-
erative evaluation because the best candidates for excimer laser PTK
are those whose pathologic condition is limited to the anterior 20%
of the cornea. Candidates with very deep corneal damage are less
likely to benefit from PTK. Finally, optical pachymetry or ultrasonic
biomicroscopy can be used to measure the depth of the intended
treatment.

To ensure optimal performance, the excimer laser must be finely
tuned and calibrated before each treatment. Because the excimer
laser beam is not adjusted during surgery, its overall operation must
be confirmed before surgery by ablating a standard treatment into
a calibration plate test block made of a material such as polymeth-
ylmethacrylate (PMMA). Using nomograms, the exact corneal abla-
tion rate is calculated and entered into the laser computer program.
The plane of the corneal surface is measured before treatment by
focusing the microscope at high magnification. This step is impor-
tant because a suboptimal outcome may result from poor centration
of laser treatment.

WOUND HEALING

THE HEALING RESPONSE

Wound healing after PTK is similar in type and rate to healing after
surgical keratectomy. In a review of rabbit corneas that underwent
either excimer laser photoablation or lamellar keratectomy, Tuft and
co-workers®® found no quantitative difference in the synthesis of
new connective tissue over a wound made by the laser or the lamel-
lar keratectomy. Like the type of healing, the rate of healing is
similar for laser and surgical keratectomy. Microscopic observation
of monkey corneas showed that re-epithelialization occurred within
24 to 48 h after PTK, or at approximately the same rate of healing
recorded in monkeys that underwent surgical keratectomies.”

In a recent study of human eyes that underwent PTK, re-
epithelialization occurred in 59% of eyes within 1 week, and in 93%
of eyes within 2 weeks. The remaining two eyes re-epithelialized
completely in 3 and 4 weeks, respectively, after receiving bandage
contact lenses. Some studies have noted that a pseudomembrane
forms over the ablated zone almost immediately after surgery. This
pseudomembrane seals the exposed surface and confers enough
stability to serve as a template to help hyperplastic migrating epi-
thelial cells fill in the wound and achieve an orderly and smooth
re-epithelialization.”**>*

Although re-epithelialization after PTK