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ABSTRACT

Traditionally, the mainstay of treatment for advanced keratoconus (KC) has been either
penetrating or deep anterior lamellar keratoplasty (PK or DALK, respectively). The
success of both operations, however, has been somewhat tempered by a well-known
litany of potential difficulties and complications, both intra- and postoperatively. These
include suture and wound healing problems, progression of disease in the recipient rim,
allograft reaction, and persistent irregular astigmatism. Taken together, these consti-
tute a formidable array and have been the inspiration for an ongoing search for less
troublesome therapeutic alternatives. To that end, a handful of alternative techniques
have been tried against severely ectatic corneas with variable degrees of success. These
include ultra-violet cross-linking (UV-CXL) and intracorneal ring segments (ICRS), both
which were originally constrained in their indication exclusively to eyes with mild to
moderate disease. More recently, Bowman Layer (BL) Transplantation has been intro-
duced for reversing corneal ectasia in eyes with advanced KC, re-enabling comfortable
contact lens wear and permitting PK and DALK to be postponed or avoided entirely. This
article offers a summary of the current and emerging treatment options for advanced
KC, aiming to provide the thoughtful corneal specialist useful information in selecting
the optimal therapy for his individual patients.

KEYWORDS: Advanced keratoconus, Bowman layer transplantation, UV cross-linking,
DALK, intracorneal ring segments, review
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I. INTRODUCTION

Though the precise definition of “advanced” KC remains somewhat unsettled in the
ophthalmic community, most specialists would agree that the disease has assumed a
fairly late stage when spectacle correction is insufficient, continued contact lens (CL)
wear is intolerable, and visual acuity has fallen to unacceptable levels. The traditional
recourse at this point has been to reluctantly proceed with either a PK or DALK. While
visual acuity not infrequently improves - at least initially - this commonly comes at a
cost. Namely, the obligation to manage a litany of potential complications including
allograft reaction, suture and wound healing problems, progression of the disease in
the recipient rim, and persistent irregular astigmatism. None of these may be regarded
as insignificant, and together, they are the reason why transplantation has traditionally
been reserved as a last resort for desperate eyes. To combat these issues, a number of in-
novations have been introduced at the level of surgical technique, instrumentation, and
tissue preparation. Moreover, there has been a strong push, as of late, to extend some of
the technologies originally devised to treat early to intermediate stage KC and to apply
them to cases of advanced disease. Specifically, UV-CXL and ICRS have been evaluated
for this purpose, with some demonstrated success. Still, many severely diseased corneas
remain unsuitable candidates for either of these two new techniques and are therefore
typically relegated to the usual transplantation tactics. Recently, however, Bowman
Layer (BL) Transplantation has been introduced as an alternative to PK/ DALK in eyes
with advanced KC, unsuitable for either UV-CXL or ICRS. By supplying a physical splint
to mechanically bolster the cornea, ectasia may be stabilized and reduced, re-enabling
comfortable CL wear and sparing the patient a more drastic transplantation operation
with all its potential complications. This article offers a summary of the current and
emerging treatment options for advanced KC: their indications and contraindications,
expected outcomes and limitations. We conclude with a few remarks about what we
have observed in applying these treatments and what they may allow us to speculate
about future therapeutic options.

II. TERMINOLOGY AND STAGING

Typically, KC is described as a bilateral, non-inflammatory condition of ongoing corneal
ectasia.'”®””* That consensus definition notwithstanding, considerable controversy ex-
ists regarding how best to grade disease severity. While the Amsler-Krumiech scale is still
the most widely used for that purpose, two obstacles stand in the way of its universal
acceptance. First, it is increasingly being viewed as antiquated or outdated, since it relies
on relatively “old” indices (corneal steepness, refractive change, the presence of scar-
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ring) whereas newer grading schemes employ a variety of detailed metrics of corneal
structure provided by anterior segment optical coherence tomography (AS-OCT) and
Pentacam imaging. ""**"7*** Second, Amsler-Krumeich grades do not always correlate
well with disease impact. Not uncommonly, eyes with “low” scores (indicating milder
disease) may develop CL intolerance resulting in poor functional vision and significant
disability. On the other hand, some eyes with “high” scores (indicating severe disease)
may nevertheless remain CL tolerant, and thereby continue to enjoy relatively good
functional vision with few complaints.”®® These two factors combined - first, the growing
number of alternate, competing grading schemes; and second, the Amsler-Krumeich'’s
uncertain ability to predict the actual burden of disease — have made objective scoring
of disease severity (especially moderate versus advanced) a controversial matter.

For practical purposes, however, the term “advanced” KC may properly apply to any
case with unacceptably poor spectacle distance vision and contact lens intolerance.
It describes, then, a category of “surgical eyes’, regardless of their measured corneal
parameters. The advantages of this conventional definition are, primarily, that it is rea-
sonable and useful. It does not depend on any specialized imaging device, nor does it
require that any particular grading scheme be endorsed. And, with the discussion nar-
rowed to “eyes having failed non-operative management,” the relative advantages and
disadvantages of the various surgical options may come to the front of the conversation,
facilitating direct comparison.

Ill. OPERATIONS AND THEIR INDICATIONS

For most of the surgical history of the disease, advanced KC has been treated with PK.
Increasingly, however, DALK is becoming the preferred surgical option (largely thanks to
improvements in operative technique), now representing 10-20% of all transplants for
KC and 30% when eyes with previous hydrops are excluded.’******° Meanwhile, UV-CXL
and ICRS have likewise seen their roles expanded: whereas both were once regarded as
suitable only for mild to moderate cases, there is now growing support for their use in
advanced disease as well.®*****%*?”3 Finally, in 2014, BL transplantation was introduced
for advanced KC with extreme thinning / steepening.*”

These five operations (PK, DALK, UV-CXL, ICRS, and BL transplantation) currently
represent the available treatment options for advanced KC. Although, historically, other
procedures have been tried, most have enjoyed only short runs of popularity. Examples
include epikeratophakia and conductive keratoplasty, neither of which is currently
regarded as effective in the long term, particularly when compared to the above five

alternatives 30172237316
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A. Special Considerations:

1. Corneal Thickness

Corneal thickness (or more accurately, corneal thinness) rarely poses an insuperable
problem in the performance of a successful PK for advanced KC. An exception exists for
eyes with significant peripheral thinning: if an oversized graft is required, complications
including allograft reaction and glaucoma become more likely.?*>*" In these eyes, DALK
or a modified procedure (“Tuck-in lamellar keratoplasty” to be described later) may be
preferred.

For DALK, thin corneas pose a separate difficulty. Because corneal thinning is associ-
ated with concomitant Descemet membrane (DM) weakness and fragility, severely af-
fected eyes carry an elevated risk for perforation. This is especially true if the operation is
performed using the Anwar “Big-bubble” technique which may result in inadvertent DM
“blowout” with bubble expansion.”® Therefore, in cases of severe thinning, the preferred
technique for DALK may be Melles manual dissection in which the overlying stroma is
carefully cut free (instead of pneumatically separated) from the underlying DM, using
an air bubble in the anterior chamber as a reference plane to judge depth of dissection.

The debate is robust over the suitability of UV-CXL in thin corneas. The original stud-
ies proscribed application in eyes with central corneal thicknesses (CCTs) less than
400um due to known risks of endothelial damage.”'?***** Even in corneas well above
this thickness threshold however, there are a number of well documented reports of
endothelial failure after treatment.?®'?"3%?%341 Nevertheless, recently there has been a
push to expand the use of UV-CXL into eyes with very thin corneas (<400um) by way
of a variety of ingenious modifications to the originally described (Dresden) protocol.
Broadly, these consist of attempts to artificially or temporarily thicken the cornea before
treatment. To this end, some practitioners leave the epithelium-on (rather than debrid-
ing it) to confer extra thickness.®''*"7821%28314 The primary objection to this tactic is that
it may substantially reduce the procedure’s effectiveness.”®'7*'®** A more common solu-
tion is to substitute a hypotonic riboflavin solution for the usual isotonic one, thereby
swelling the cornea just prior to UV irradiation.">”® The success of such a strategy is
somewhat difficult to evaluate owing to the large heterogeneity in protocols in pub-
lished reports used to achieve this end.'”'?***' Moreover, the vast majority of such stud-
ies concern corneas just barely thinner than the recommended floor-value of 400um,
with relatively few including cases of severe thinning (<350um). The totality of evidence
seems to suggest that with the currently popular thickening regimes, pre-operative
treatment with hypotonic riboflavin results in a significant increase in central corneal
thickness (CCT), but a much smaller increase in thinnest point thickness (TPT).”*' In ad-
dition, the process of crosslinking itself — the actual application of energy - may result
in an intraoperative thinning, exposing the endothelium to a higher level of radiation
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despite “adequate” pre-procedural thickness (especially if an eye speculum is used for a
prolonged period during the procedure, which tends to promote stromal dehydration
and thinning).'>*'7*1982292913%8 Thare are also theoretical objections that in transiently
hydrating the cornea, the density and proximity of collagen fibers are reduced, thereby
lowering the potential efficacy of their crosslinking.>'**** For all of these reasons, there
is currently little to recommend UV-CXL in corneas thinner than 400um.

Although ICRS themselves come in a variety of designs, all require a minimum corneal
thickness at the site of their insertion and along the length of their path of 400um.**
Therefore, eyes with severe thinning are often ineligible. Even when eligible, those
with TPTs <400um seem to experience worse visual outcomes and more complications;
especially if the area of greatest thinning is situated inferiorly, a location which tends
to promote the creation of unintentionally shallow segment channels. The shallower
a segment is placed, the greater the likelihood of subsequent ocular surface problems
including epithelial breakdown, infectious keratitis, and subsequent extrusion because
the mechanical stress of the ring segment is borne by a thinner layer of overlying
Stroma.200,300,363

Especially thin corneas do not seem to pose any special difficulty in the performance
of BL transplantation, except to make manual stromal dissection a slightly more difficult
prospect by raising the chances of inadvertent DM perforation, just as with a Melles
manual DALK procedure.

2. Maximal Corneal Steepness

Preoperative corneal steepness is not currently believed to be an independent risk fac-
tor for poor performance after PK. There is evidence, however, that eyes with advanced
KC and central curvatures >60 diopters (D) may regularly experience worse outcomes
after DALK owing to the high incidence of DM folds developing over the visual axis
after surgery.”*' These appear to arise from size mismatch between donor and recipient
tissues: the stretched recipient DM is invariably of a greater surface area than the pos-
terior surface of the donor in direct proportion to the pre-op degree of corneal ectasia.
When the two tissues are placed in apposition, necessarily, DM folds must develop and
these tend to undermine the optical performance of the eye (though these folds may
spontaneously resolve, usually one year after surgery. Additionally, it may be possible to
displace these folds into the corneal periphery, out of the visual axis, by slight modifica-
tion of the operative technique).?”'

Steeper corneas are more likely to undergo flattening after UV-CXL (although, only
rarely does the magnitude of this flattening exceed 2D)."***%*%*" However, there may
be an elevated risk of failure - that is, continued progression - in corneas steeper than
58D (particularly if the cone is eccentrically located) and an increased risk of losing vision
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after the procedure with a steepness >55D, possibly because the topographic outcomes
may be more variable and less predictable ?"'>*'37:187.192

Traditionally, the use of ICRS has been constrained to eyes with maximum Ks <58D,
since values much exceeding these are associated with poorer visual outcomes and
more complications including segment migration, extrusion, and stromal melting.
Although newer segments designs have mitigated some of these issues, still, use in
corneas steeper than 58D is often discouraged.®®*'

BL transplantation was devised specifically for use in steep corneas. In 2014, van Dijk
et al. published the results of BL transplantation in eyes with max K values >70D, finding

that — in 90% of eyes — disease progression was successfully arrested.*****

3. Preoperative best corrected Visual Acuity

For patients with extremely poor vision — even with a contact lens in place - either PK or
DALK may be preferred, since rarely do the visual gains of UV-CXL, ICRS, or BL transplan-
tation exceed one or two lines. Rather, the primary purposes of these latter operations
are 1) to arrest disease progression; and 2) to restore or support contact lens tolerance
by making wear more comfortable.

4. Endothelial Health

It is not completely unusual for KC to be found alongside co-existing endothelial dys-
function. Fuchs Endothelial Dystrophy (FED) is the most common of such accompanying
disorders but also represented are posterior polymorphous dystrophy (PPMD) and a
peculiar condition of endothelial depletion and guttae excrescences that may be the
product of the KC itself rather than distinct entity.”*°"*" The actual prevalence of such
“dual-disorders” may be underestimated, since the stromal thinning of KC may mask
the corneal edema that would otherwise signify an endothelial decompensation and
because stromal irregularities may interfere with confocal microscopy and thereby
obstruct the diagnosis of endothelial depopulation.”*

For advanced KC and a failed endothelium, PK is obviously preferred. But in eyes with
merely the suggestion of endothelial disease or an endothelial dystrophy not highly
advanced, a relatively non-invasive procedure such as ICRS or BL transplantation may be
chosen, since neither operation appears to significantly affect recipient endothelial cell
density.?*?'9?%5339Tg a lesser extent, DALK may be a viable option as well, as the best data
suggests an early, modest decline in endothelial cell density (ECD) followed by a rela-

288,302,340 (

tively quick return to normal, physiologic rates of cell loss thereafter. However,

intra-operative perforation — DALK’s most common complication — does appear to result

90,204)

in substantially lowered cell counts. If any of these alternatives to PK were selected,

and then later endothelial decompensation occurred, a secondary Descemet stripping
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(automated) endothelial keratoplasty (DS(A)EK) or Descemet Membrane Endothelial
Keratoplasty (DMEK) may be prudent.

5. Lens Status

Because advanced KC tends to manifest early in life, many of those treated are phakic.
Owing to a greater post-operative steroid requirement, keratoconic eyes undergoing
PK are significantly more likely to develop cataracts requiring extraction than are eyes
receiving DALK 29321722 Specifically, Zhang et al found that ten years after PK, 19.2%
of eyes operated for advanced KC developed a cataract requiring phacoemulsification
compared to 0% following DALK.*** Therefore — and because none of ICRS, UV-CXL, or
BL transplantation promote cataractogenesis — PK may be the least desirable option
for phakic eyes.***** This is especially true given that cataract extraction: 1) increases
the risk of allograft reaction after PK, and 2) threatens severe pressure spikes in young,

myopic eyes.*?*°

6.  Patient Age and Ability to Cooperate

A patient’s age and ability to cooperate with examination, medication, and follow-up
requirements may critically determine an operation’s outcome. These are particularly
relevant concerns for the treatment of KC which disproportionately manifests in child-
hood or adolescence and in patients with co-existing cognitive impairment (e.g. Down,
Tourette, Costello, Williams-Beuren, and other syndromes) or personality defects such as

hypomania and paranoia 83,127,137,167,222,224,269

i. Age

Although the onset of KC is typically around puberty, it is not totally uncommon to arise
earlier and may be responsible for a small percentage of worldwide amblyopia, as the
development of visual function often proceeds until a child is eight to eleven years old.
In general, the younger the patient at the time of diagnosis, the more severe the condi-
tion and the greater its chances for progression. Consequently, many children present
with already very advanced disease.”**"**2%°2% Until recently, the usual treatment for
these eyes has been PK, with advanced KC now the second most common indication for
pediatric corneal transplant behind only congenital corneal opacity.””

Adolescents (age 13-19) operated with PK for advanced KC have long term visual
results and levels of graft survival that approximate those of adults.””® For children (age
5-12), outcomes are slightly worse, principally attributable to higher rates of graft failure
(approaching 30% at 15 years.)”®' Intra-operatively, PK may be more challenging in chil-
dren and adolescents. Their smaller, more hyperopic eyes conduce to shallower anterior
chambers, scleral“crimping,”and forward displacement of the lens-iris diaphragm during
surgery. These eyes are also more likely to have narrow or under-developed iridocorneal
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angles, predisposing to the formation of peripheral anterior synechiae and elevated
intraocular pressures. Both of these latter occurrences are strong risk factors for graft
rejection besides also threatening the eye with the separate problem of glaucoma. '2**'*

Little has been written about DALK in the eyes of children and adolescents, although
the available literature suggests results that parallel the adult population.®'**'%

UV-CXL is still a new therapy in many parts of the world, and consequently there are
few studies regarding its use in children. From the available data, pediatric UV-CXL
seems to confer a modest corneal flattening effect and a mild visual benefit without any
additional complications.>*>*'**%21%3% Compared to adults, however, these gains may
be smaller and less durable.>**'"!

In the United States, ICRS are not approved for patients younger than 21. Worldwide,
use has generally been constrained to individuals older than 18. As a result, little is
known about their suitability in pediatric cases. Although, one comparative report does
exist, analyzing the efficacy of ICRS for three different age groups: patients 13-19 years
old, 20-35 years old, and >35 years old. Ultimately, no difference in visual outcome or
corneal topography was found.'”

For BL transplantation no data currently exists for children. Still, for very young pa-
tients, BL tranplantation may eventually be regarded as one of the safest options: as a
largely “extra-ocular” procedure, most of the intraoperative challenges of PK in pediatric
eyes are avoided. Moreover, because the postoperative burden is lower (related to the
absence of corneal sutures and the extreme improbability of graft rejection), suboptimal

patient cooperation may be less consequential.**

ii. Mental Disability
Patients with mental retardation are well known to have worse outcomes following PK

for advanced KC, mostly as a result of a higher incidence of postoperative complica-
tions. In particular, there are more occurrences of globe rupture, corneal ulceration,
and graft rejection, especially in patients with greater amounts of cognitive disabil-
ity,351211186232297354 |0 part, this is thought to stem from a stronger tendency toward both
eye rubbing and ocular self-trauma. Volker- Dieben et al report a 67% five-year survival
rate for penetrating grafts in eyes of patients with Down Syndrome, substantially less
than the >90% survival rate in “normal” populations.>*

DALK may be preferred over PK in these patients, since the eye is not as structurally
weakened by the surgery and because faster healing may permit earlier suture removal,
reducing the risk of infection.”®'*®

Surprisingly, all reports of UV-CXL in patients with Down Syndrome are negative
(although, it is possible that this represents something of a “publication bias” with the
good results going unpublished). These include one patient with severe corneal melting

109

requiring bilateral PKs;"™ another developed an intractable corneal ulcer. (In this lat-
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ter case, resolution required admission to the intensive care unit, inducing an artificial
coma, supplying mechanical ventilation for weeks, and two separate tarrsorhaphies.)'®®
Extrapolating from these examples, the authors conclude that only patients capable of
reliable cooperation, with good family support, are acceptable candidates for UV-CXL.
There are no reports of the use of ICRS or BL transplantation in patients with Down
Syndrome or other forms of mental disability. Both operations impose fewer postop-
erative requirements than PK, DALK, or UV-CXL, however and therefore may be less
“risky.” The caveat, however, is that most of the postoperative problems of ICRS stem
from migration / superficialization of the ring segments themselves. These events occur
more frequently if the patient continues to rub the operated eye after surgery.”"®'®
And because patients with cognitive impairment tend to display more eye rubbing

postoperatively, some caution may be exercised before ICRS placement.

7. Pre-existing Corneal Scarring

With advanced KC, corneal scars may arise from previous hydrops and therefore, a sec-
tion of DM is often incorporated into the area of fibrosis. Surprisingly however, eyes
with prior hydrops do not demonstrate lower ECDs compared to those without.”” As a
result, endothelial replacement (with PK) should not be considered mandatory for these
patients. This is especially true given that - in eyes with prior hydrops — PK outcomes
tend to be worse, principally because the risk of graft rejection is much higher.***° This
extra risk arises because: 1) Corresponding to the size of the original area of hydrops and
its proximity to the limbus, corneal neovascularization often develops;*”’*** and 2) Eyes
with hydrops are more likely to have allergic or other ocular surface disease, resulting in
more inflammation and more eye rubbing.’

For these reasons, DALK - with its lower risk of allograft reaction — may be preferred.
However, the Anwar Big Bubble technique is contraindicated for these patients, owing
to the large risk of perforation secondary to the patient’s underlying, weakened DM.'*'®
Therefore, these surgeries could proceed by other maneuvers such Melles manual dis-
SeCtion.17’66’86’25]’279

The effect of hydrops on UV-CXL for advanced KC has not been evaluated. Although,
in a study of UV-CXL for pseudophakic bullous keratopathy (PBK), significantly less cross-
linking effect was found when stromal scars were present. Therefore (speculatively), the
procedure may be less successful given prior hydrops.** Moreover, UV-CXL would not be
expected to reduce the opacity of the scars themselves so their presence in the visual
axis may be a relative contraindication.

Likewise, central scarring is generally believed to contraindicate the use of ICRS, as
the devices are not believed efficacious as refractive instruments in the presence of a
significant central opacity. BL transplantation experiences the same limitation. However
- provided that the scarring is only “light” and not severely visually disabling - both
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ICRS and BL transplantation may be worthwhile to arrest disease progression and permit

continued CL wear (Figure 1).***

Figure 1. The Bowman layer graft (white arrowheads) is visible within the recipient stroma (though per-
haps positioned somewhat deeper than the intended 50% stromal depth), without any interface haze or
stromal reaction. Different types of preexisting superficial scarring and surface irregularity (yellow arrow-
heads) are visible (A-F). Reprinted with permission from JAMA Ophthalmology

8. International Availability

In the US, UV-CXL is not yet FDA approved for the treatment of KC. And while clinical
trials are ongoing, generally these are limited to patients with mild to moderate disease
only, leaving those with advanced KC ineligible.

Globally, ICRS are available in numerous designs. In the US, however, the only approved
variant is INTACS, which come in “R” and “SK” subtypes. “R” (regular) segments have a
large internal diameter (6.7mm), a hexagonal cross-sectional shape, and thicknesses
from 0.25mm to 0.5mm in 0.05mm increments. Meanwhile, the “SK” (steep keratometry)
segments - designed specifically for advanced KC - have a smaller internal diameter
(6.0mm), an oval cross-sectional shape, and a narrower range of thicknesses (0.21mm,
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0.40mm, 0.45mm, and 0.50mm). Outside of the US, other types of ICRS are available
which include Ferrara rings, Kerarings, the Myoring, and Bisanti Segments.'®"?*

Aside from the Amnitrans Eye Bank in Rotterdam, there are no commercial eye banks
currently preparing BL transplantation tissue for transplant. As a result, surgeons may
need to either import the tissue from abroad or prepare it themselves using previously

described techniques.®*

IV. SURGICAL TECHNIQUES

A. PK

The biggest recent advance in PK has been the introduction of the femtosecond laser
to trephine the recipient and donor tissues, theoretically providing better apposition
and faster healing. Suturing techniques and graft sizing practices vary, with results to
be discussed later.

B. DALK

Most currently practiced DALK techniques exist as variations or modifications of two
basic strategies: the Anwar big-bubble and the Melles manual dissection. The big-
bubble method is rooted in Anwar’s 1998 discovery that an intrastromal injection of
balanced salt solution (BSS) was often effective at establishing a cleavage plane just
above DM."” In 2003, he refined the technique to use air instead of BSS and the “big
bubble” procedure was born.” (Viscoelastic may also be used for this purpose, an
observation made independently in 2000.)**° In contrast, Melles manual dissection is
a bit more meticulous. First, the anterior chamber is filled with air. Then, using a series
of curved spatulas, the anterior stroma is carefully dissected away from the underlying
DM. The precise depth of dissection can be determined by using the “air-endothelium
interface:” when the anterior chamber is full of air, a reflected image of the tip of the
dissecting spatula appears. The distance of this reflection from the actual spatula itself
represents the depth of the ongoing dissection, such that the deeper the dissection is
carried out, the closer the reflection appears to the tip of the instrument. Guided in this
way, a controlled dissection down to the level of DM is possible (Figure 2)."2*

The literature is replete with amendments to both “core” surgical techniques. These
include: staining the stroma with Trypan blue to facilitate viewing;”® Parthasarathy et al’s
“small bubble” technique for confirming the presence of the big bubble;*** employing
ultrasound pachymetry to guide big-bubble creation;'* suture style modifications;**'®
and using a diamond knife / nylon wire / microkeratome / excimer or femtosecond laser
for lamellar dissection **''>165311312337362 £or corneas with extreme peripheral thinning,

a modified procedure has been proposed dubbed TILK (Tuck-in lamellar keratoplasty)
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in which the recipient peripheral corneal rim is undermined and the edges of a large

anterior lamellar graft are “tucked in” below to add extra thickness.">**

Figure 2. Demonstration of the Melles manual
DALK surgical technique in a human eye bank eye.
(A) The anterior chamber has been filled with air. In
between the blade tip and the air to endothelial in-
terface light reflex, a dark band (arrowheads) is vis-
ible. (B) Because the dark band reflects unincised
posterior corneal tissue, the dark band decreases
in width when the blade is advanced into the
deeper stromal layers. (C) When the blade appears
to touch the air to endothelium interface, a stromal
dissection level just anterior to the posterior cor-
neal surface is reached. Reprinted with permission
from British Journal of Ophthalmology

c

C. UV-CXL

The original UV-CXL procedure - dubbed the “Dresden Protocol” - entailed debriding
the cornea entirely of its epithelium, then dripping a riboflavin solution onto the ante-
rior stroma. Subsequent application of UV light generates free radicals which “cross-link”
adjacent collagen molecules and stiffen the cornea against further ectasia.**? Since the
Dresden protocol was introduced, several alternatives have emerged. These include
"accelerated” crosslinking (in which the intensity of energy is increased, in exchange
325 uepi_onn techniquesl56,105,115,184,219,287,310,314 and the ”Athens

Protocol” which combines accelerated UV-CXL with same-day photorefractive keratec-

for reduced exposure time),

tomy.'*®® With the possible exception of “epi-on” crosslinking (which may be less effective,
as previously discussed) none of these modified techniques have yet distinguished
themselves as clearly more effective than any other, in terms of topographic or visual
results.

D. ICRS

ICRS are segments of PMMA plastic available in numerous arc-lengths, thicknesses, and
designs. The devices themselves are inserted into stromal tunnels which may be fash-
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ioned manually using a handheld corkscrew blade or automatically using a femtosecond
laser with no difference in results (except that channels tend to be slightly shallower
when created manually, and more often decentered when created by laser).”*'*"* For
greater effect, two hemi-spherical segments may be placed instead of one. These seg-
ments may be implanted “symmetrically” if the keratoconic cone is located centrally, or
“asymmetrically”if the cone is decentered, as is typical.”*> With asymmetrical placement,
a thicker segment is implanted in the axis of greatest steepening, and a thinner seg-
ment is inserted 180 degrees away. Because keratoconic steepening tends to be located
in the inferior cornea, the practical recommendation is to place the thicker segment
inferiorly and the thinner superiorly.”®' To a large extent, the depth at which the seg-
ments lie determines their effect: Maximal flattening occurs with segments at 60-79%
corneal thickness. Shallower than 60%, the effect may be lessened and the likelihood
of a variety of ocular surface complications increased. Deeper than 80%, there may be
no topographic effect at all."” Compared to the surgeon’s own depth estimates, most
segments lie much more superficially (up to 25%), judged by AS-OCT.??***

A significant advantage of ICRS is the procedure’s reversibility. Following explanta-
tion, the rings may be re-inserted again at a later time, or alternatively PK or DALK may
be tried.”''%*?*3?® Before re-operating, it is necessary to wait at least three months after
segment removal for the cornea to revert back to its original shape.”

Increasingly, there are reports of combining ICRS with UV-CXL. The sequencing is criti-
cal: to achieve maximal flattening, ICRS should be implanted before or simultaneously
with UV-CXL. To do the opposite (UV-CXL, then later ICRS) limits the flattening effect of
the segments since the cornea has been already “fixed” into a sub-optimal configura-

. 74,78,98,205
tion.

E. BL Transplantation

The most sensitive and specific indicator of KC is the fragmentation of Bowman layer -
an insult that critically destabilizes the surrounding cornea, predisposing it to ongoing
ectasia.' In 2014, van Dijk et al introduced the idea an isolated Bowman Layer “inlay” for
eyes with advanced KC. Delivered into a manually dissected mid-stromal pocket, the
graft was intended to (partially) restore the corneal anatomy, stabilize the corneal struc-
ture, flatten the surface, and arrest progression.”**Since van Dijk et al’s original report
in 2014 (featuring the outcomes of the first 10 operated eyes) a larger study has been
published, describing the surgical results of the first 22 cases, with a mean follow up
time of 21 £ 7 months. It is from these two studies that the bulk of the data about BL
transplantation derives.

The graft is prepared by manually peeling the BL from the anterior stroma of a donor
corneo-scleral rim. The process begins by securing a corneo-scleral button atop an
artificial anterior chamber, debriding the epithelium using surgical spears, then drip-
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ping trypan blue over the anterior corneal surface. After lightly scoring a circular area,
9.0-11.0mm in diameter with a 30G needle, McPherson forceps are used to delicately
peel the BL away from the underlying stroma using small circular movements. Because
the layer is acellular, it is physically robust and amenable to gentle handling despite
being only 10-15um thick. Once detachment is complete, a “Bowman roll” forms spon-
taneously, owing to the inherent elastic properties of the tissue itself. The graft is then
submerged in 70% ethanol to remove any lingering epithelial cells, rinsed with BSS, and
then stored in organ culture before transplantation.?''?**

The initial stages of the operation resemble Melles manual DALK: after creating a side
port at either the 3 or 9-o'clock position, the anterior chamber is filled with air. A 5mm
frown-shaped scleral incision is fashioned at 12-o'clock, 1-2mm outside the limbus, and
tunneled just inside the clear cornea. Lamellar dissection then follows, using the same
set of curved spatulas employed in the Melles manual DALK technique. Again, the air-
endothelium interface is used to judge depth in the stroma, except — for BL transplanta-
tion - the intended depth is 50%, rather than the 99% DALK aims for. The reason for this
discrepancy is that BL transplantation is commonly performed in extremely thin corneas,
and - by aiming at a mid-stromal dissection —the chances of inadvertent anterior or pos-
terior corneal perforation may be minimized. Once completed, this manual mid-stromal
dissection results in a stromal “pocket” extending from limbus-to-limbus, 360 degrees,
within the cornea. Air is then removed from the anterior chamber, a surgical glide is
inserted into the mouth of the scleral tunnel, and the Bowman layer graft (rinsed with
BSS and stained with Trypan blue) is placed on top. A blunt cannula is used to gently
push the graft along the glide, through the scleral tunnel, and into the stromal pocket.
Once in place, the tissue is unfolded by a combination of rinsing with BSS and light
cannula touches. After unfolding, the anterior chamber is re-pressurized with BSS.**°

Although the operation is positioned as an alternative to DALK, it retains some of the
latter’s salient features. Namely, the status of a technically “extra-ocular” surgery (as the
eye is never completely entered), and tissue economy, because the corneal tissue left

over from creating the inlay may be re-used for endothelial (DSEK or DMEK) grafts.**

V. VISUAL OUTCOMES

A. PK

After PK for advanced KC, final uncorrected visual acuity (UCVA) ranges from 20/50
to 20/100, with just over 40% of patients reading 20/40.%°017129161182319 gpactacle
correction gives better results with a mean acuity (BSCVA) of 20/30-20/40.745°%6164
These gains may recede over time, however, due to mounting irregular astigmatism
in the graft that spectacles cannot correct. On this point, Praminik et al found that 15
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years after PK for advanced KC, although 66% of eyes retained a BSCVA >20/40, 18.9%
had fallen to <20/200.””' For some patients (5-60%), CLs may be required postopera-
tively,**124212:2722943083073193313% Compared to glasses alone, CLs usually confer an extra
1-2 lines with a mean acuity (BCVA) of 20/25 one year postoperatively and with 67-96%
of patients seeing at least 20/40,'"443067:129,161.182212256.272.294304319 [ 5y ever, because vision
doesn't “stabilize” until at least 12 months after surgery, a primary limitation to PK’s
visual results is the delay in achieving them, #4#16>183319

No study has shown that the style or pattern of graft suturing influences ulti-
mate BCVA."®' The effect of graft sizing is controversial but probably modest with
various studies reporting slightly better (or worse) results with oversized vs. same-sized
grafts.®'?13%3% The type of mechanical trephine used has also not been shown to influ-
ence ultimate BCVA, although, the use of a femtosecond laser for cutting the recipient
and donor tissue may slightly speed-up visual rehabilitation by permitting earlier suture

remOVa|.27'45'59'122'1 61

B. DALK

DALK, properly performed, probably provides equivalent visual results to PK. The
totality of evidence shows that, provided stromal dissection reaches the level of DM,
all visual outcomes (UCVA, BSCVA, BCVA, and percent requiring contact lenses) are the
same,'7119144161166182306 1y ot 1djes where the visual results of DALK are inferior to PK,
usually, this discrepancy is attributed to an incomplete stromal dissection such that
DM is not fully bared. In these “pre-descemetic” DALKs, visual performance tends to be
worse overall. The problem seems to be related to the depth of the un-dissected stromal
bed, not its “regularity” or “smoothness,” since pre-descemetic DALKs performed by laser
ablation do not outperform those performed by manual dissection.**® Large DM per-
forations sustained intra-operatively lower the chances of excellent visual results.***
Compared to PK, visual rehabilitation may be somewhat quicker, owing to the possibil-
ity of earlier suture removal.”’ Post-operative contrast sensitivity is equal for the two
surgeries, although there are conflicting reports as to which yields fewer higher order

a berrations.4']61 ,185,225,289

C. UV-CXL

For most patients treated with UV-CXL, visual acuity either remains unchanged or im-
proves mildly, by 1-2 lines.*®"**'*>3% Eyes with pre-procedural BCVAs <20/40 are signifi-
cantly more likely to achieve substantial flattening with UV-CXL, and correspondingly,
greater visual improvements.'***?® The steeper the cornea, however, the more variable
the response to treatment and the greater the likelihood of vision loss.?*'**'9*3% |n the
sole dedicated study of UV-CXL on corneas steeper than 58D, Sloot et al found no benefit
in UCVA or BCVA at one year postoperatively, although a slight trend toward the latter.>*®
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D. ICRS

Similarly, ICRS confer a modest visual benefit: on average, 1-2 lines of BSCVA and BCVA
[N05772197.199210239283 |0 particular, for Amsler-Krumeich Stage Il or IV eyes, most studies
show no (or markedly reduced) gains, along with more disappointed patients and elec-
tive explantation,®®3>103169.180300330343363 Tha relevant study with the longest follow-up
was performed by Torquetti et al, which tracked the outcomes of ICRS placement in
keratoconic eyes through ten years. On average, eyes gained one line of UCVA and two
lines of BCVA. Ten percent, however, lost at least one line of UCVA, and 20% lost at least
one line of BCVA. All eyes losing vision were Amsler-Krumeich Stage Ill or IV.>*

Whereas newer segment designs such as INTACS SK and the Kerarings may be better
than previous versions in flattening corneas with severe ectasia, the visual gains still
rarely exceed 1-2 lines. Moreover, these alternate models have been associated with an
increased amount of visual aberrations, owing to the small diameter of the segments,
bringing them into closer proximity to the visual axis,'?®'*"/1>%18%195:196.290.296.303

Visual rehabilitation is typically completed within three to six months after surgery,
but may require up to one year. Pairing the procedure with UV-CXL may enhance the
flattening effect, or make it more durable, but has not been shown to improve visual

results.>>*°

E. BLTransplantation

Following BL transplantation, BSCVA typically improves by 1-2 lines, although BCVA usu-
ally remains unchanged. The primary visual benefits, then, of BL transplantation may be:
1) to enable more comfortable CL wear by flattening the cornea into a more tolerable
configuration; and 2) to permit continued CL wear into the future, by halting disease

progression.*****

VI. REFRACTIVE OUTCOMES

The bulk of the myopia in keratoconic eyes arises — not from the cornea - but from the
axial length of the eye, which is significantly larger than in normal individuals. Therefore,
regardless of the planned corneal intervention, some amount of myopia is likely to
remain.*** The amount of postoperative myopia tends to be slightly greater following
DALK than PK because the resultant cornea tends to be slightly steeper. Otherwise,
however, the refractive outcomes are the same.'**"'®'

Following PK, large amounts of astigmatism are common; the average amount is 3-5D,
but may exceed 10D, and as a consequence, approximately 20% of patients may require
refractive surgery post-operatively for their best visual results.®*'®*'®?> No known

preoperative features of the recipient cornea predict the likely amount of postoperative
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astigmatism, nor is there an association with age, gender, the type of trephine used, or
the size of the graft.”'> Per several studies by Krumeich et al, postoperative astigmatism
may be reduced in eyes with advanced KC by - at the time of surgery — suturing into
place a permanent steel alloy “intrastromal corneal ring” which may protect the graft
from tractional distortion during subsequent healing.'”*'** For most conventional su-
turing styles there is also no astigmatic difference, although, Busin et al have shown
that - at least in the short term - a possible benefit may apply to a double running,
16-point technique.”’'® Suture removal tends to result in large unpredictable swings in
the amount of astigmatism present regardless of the type of suture employed and even
when many years have passed since the original surgery.**¥'#243¢" Once all sutures
have been removed, however, the measured astigmatism tends to remain relatively
stable. In most cases however this stability is only a temporary condition. Eventually,
progressive donor-recipient misalignment or recurrence of the original disease results
in late rising levels of astigmatism.?***'****?’¢ De Toledo et al found that this transition —
from a period of refractive stability to one of gradual worsening — began approximately
ten years after first suture removal.®

Typically, UV-CXL yields only a modest reduction in astigmatism, almost always less
than 0.5D.”"*° While often a “step in the right direction,” the overall effect is succinctly
expressed by Pinero et al: “crosslinking is able to induce a corneal astigmatic change,
but it is variable, not predictable, and insufficient to provide an effective astigmatic cor-
rection.*®’

In contrast, ICRS provide a sizable, reduction in corneal astigmatism ranging from 1-3D,
regardless of the type of segment employed or the Amsler-Krumeich stage of disease,
although the greater the preoperative amount of astigmatism, the less predictable the
corrective result of the ICRS may be. The full refractive effect is generally not seen before
one year postoperatively (with significant changes occurring between six and twelve
months) but thereafter appears stable, at least through ten years of follow-up 54266329330

The refractive impact of BL transplantation has not yet been fully elucidated. All
available evidence, however, suggests a slight hyperopic shift (consistent with corneal

flattening) with no significant effect on corneal astigmatism.****

VIl. TOPOGRAPHIC OUTCOMES

After PK, the primary determinant of corneal curvature is the size disparity between
the graft and the recipient.”> When the donor button is oversized by 0.5mm, the mean
K usually settles around 45.5D. When the button is same-sized, that value is nearer
to 42.5D. The presence of corneal neovascularization, however, skews these figures
in unpredictable ways owing to the frequent onset of distortionary scarring postop-
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eratively.*?9609>130161212 \Whjle suture placement (the style and material) is unrelated
to ultimate corneal curvature, removal can have dramatic (usually homogenizing) ef-
fects. In oversized grafts, the effect is a slight steepening of the cornea. For same-sized
grafts, however, suture removal may instead produce a small amount of overall flatten-
ing.¥#262%3332 Ragardless of graft size, the donor and recipient tissues tend to become
progressively misaligned at the interface over time, grossly evident in >50% of eyes 20
years postoperatively.*”'®

As previously mentioned, following DALK, corneas are routinely 2D steeper than if
they had received a similarly-sized PK. This disparity may be the product of some degree
of intraoperative anterior chamber collapse (and subsequent scarring) seen with PK that
DALK avoids."*"®'

The primary topographical result of UV-CXL is an “evening out” of corneal param-
eters and a decline in overall surface variability.’”’ The probability (although, not the
magnitude) of this effect relates to the degree of pre-procedural ectasia, such that eyes
with advanced KC may demonstrate changes more frequently than those with mild
disease.'*>'¥2%3% Fgllowing UV-CXL, central cones flatten modestly (with mean and
max Ks falling by 1-2D). Paradoxically, eyes with eccentrically located cones may actu-
ally display central steepening after treatment as the corneal parameters become more
alike."* Shortly after therapy, CCT may decline (likely the result of keratocytes apoptosis
in the anterior stroma) but rebounds to baseline at one year.**?*"?%

Standard INTACS reduce mean Ks by 3-5D.3210319918032% Thjs effect may be slightly en-
hanced (by a diopter or so) by combining the procedure with UV-CXL, and furthermore,
the results may be more durable as well.***** Yeung et al found that, following combined
treatment, flattening occurred which was persevered even if the ring segments were
later explanted.’®® Alternative segment designs include INTACS SK, Kerarings, the Fer-
rara ring, and the Myoring; all of which have smaller internal diameters and are placed
closer to the corneal center, thereby effectuating greater mechanical flattening. Large
(although highly variable) reductions in mean Ks have been published, ranging from
2-9D, with most studies reporting results at the higher end of that range. No segment
design has proven substantially more effective than any other in this regard, although
direct head-to-head trials are rare,'?®'#1159160:189,195196,290.303

The primary effect of BL transplantation is to flatten the operated cornea: by unfolding
the transplanted tissue within the stromal pocket and tucking the edges of the graft into
the far periphery of the dissected cavity, the natural healing response of the eye gener-
ates a tractional force that “pulls” the ectatic cornea into a more normal configuration.
The two reports on the magnitude of these effects suggests a 5D reduction in mean
anterior simulated Ks, 5-7D reduction in max corneal power, and a 8-9D reduction in max
K. These topographic changes occur within the first postoperative month and appear

stable through at least two years of follow-up. Both CCT and TPT appear very slightly
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greater after surgery, although it is questionable whether either change is statistically

significant.******

VIII.POSTOPERATIVE DISEASE PROGRESSION

Both DALK and PK replace only the central cornea leaving a peripheral rim of tissue
behind. (With DALK, some variable amount of host posterior stroma often remains
as well.) There exists now considerable evidence that many eyes receiving either of
these two operations continue to progress. Posited explanations include continued
ectatic deterioration of the unoperated corneal rim, ongoing graft-host interface mis-
alignment, recurrent disease in the donor button, and transplantation with keratoconic
tissue >'85118149.213253254264356 A relevant study was performed by Bourges et al which
examined eyes with advanced KC treated with PK. In the years after surgery, in all eyes
requiring a repeat PK for any reason, histopathologic study of the removed donor but-
tons revealed structural changes consistent with KC including Bowman layer disruption
and stromal deposits. This suggests infiltration or repopulation of the transplanted tis-
sues with pathologic recipient keratocytes (or possibly even recipient epithelial cells).*
“Recurrent”KC has likewise been demonstrated after DALK and in fact may be more likely
and quicker in onset, since more of the diseased recipient cornea is left unremoved.''***
Interestingly, reports exist of non-keratoconic eyes receiving PK and later experiencing
progressive ectasia requiring re-operation.”®'®" It is uncertain whether these instances
stem from using donor tissue with undiagnosed KC or whether this ectatic degeneration
is simply the product of ongoing misalignment of the graft-host junction. Nevertheless,
it is probably true that neither DALK nor PK truly abolish ongoing ectasia so much as
“de-bulk” the recipient cornea of some pathological cells and furnish tissue that may
remain, temporarily, “normal.” Per most studies, approximately 10% of eyes will display
“recurrent KC” 20 years after PK, with the earliest pathological changes often becoming
evident 10 years after final suture removal.''#%*2%*

Because UV-CXL was introduced in 2006 (now, only eight years ago), true long-term
follow up data are still lacking. However, the best available evidence shows a >90%
success rate in arresting progression.®?'*’?% (Interestingly, UV-CXL has also been used
effectively to halt progression in a small number of eyes with recurrent KC after PK).?*
Risk factors for failure - i.e. ongoing ectasia - include, as previously mentioned, the ap-
plication of isotonic riboflavin solution to “thicken”a thin cornea prior to treatment, very
steep corneal curvature (greater than 55 to 58D), and age >35 years, 3130143187305

After ICRS, the central cornea continues to thin, though this is usually explained as the
result of mechanical stretching of the ring segments themselves and not as evidence of
advancing disease.”” On the contrary, most evidence shows that — for mild to moderate
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KC - ICRS are as effective as UV-CXL in halting progression, with a greater than 90%
success rate at 5 and 10 years >>'0199180197329 gt 35 with UV-CXL, the steeper the cornea,
the more likely progression is to continue despite treatment.'® Kymionis et al, studying
the five year success rate of ICRS in keratoconic eyes, found that topographic stability
was only achieved in eyes with Kmax values <47D."° Placement of ICRS may also be
combined with UV-CXL, which theoretically might further defend against progression.
Studies on the subject do reflect an additive effect with superior normalization of topo-
graphic parameters compared to ICRS alone.*”** However, there are no published data
currently available which support the claim that disease progression is less likely with
this form of “double treatment” compared to either procedure alone.

From early results of BL transplantation, two years postoperatively, 90% of eyes with
previously documented progression had stabilized, despite all eyes having pre-operative

Kmax's >70D.3%3%

IX. CONTACT LENS TOLERANCE

Even after surgery, many patients with advanced KC have far better vision with a rigid
lens in place. Whether a patient is able to (comfortably) wear CLs, postoperatively, is
therefore a crucial consideration. Nevertheless, lens tolerance is difficult to objectively
assess, being directly proportional to the skill and diligence of the prescribing physician,
disposition of the patient, and the type of lenses available for use. For example, one
study by Smiddy et al of a large cohort of keratoconic eyes referred to the Wilmer Eye
Hospital for PK secondary to CL intolerance found that, with assiduous effort and care-
ful lens selection, 87% could be made comfortable and spared surgery.*” As a result,
some caution may be applied to all postoperative CL tolerance reports, since they may
reflect (at least in part) greater effort rather than true improvement. This is especially
true given that there is no universally agreed upon length of time that a patient must
be able to withstand CL wear to be deemed “tolerant”. For example, studies exist which
count patients as tolerant although the lens can only be comfortably worn for 2-6 hours
per day. Finally, it appears that CL tolerance depends chiefly - not on central corneal
steepness — but on peripheral clearance, and on the interaction of the upper edge of the
lens with the patient’s upper lid. This explains why, all things being equal, an inferiorly
decentered cone is more likely to produce CL intolerance; why operations to “center”the
cone may increase tolerance; and why an eye may remain CL intolerant even if central
steepness is reduced.'?**"

After PK for advanced KC, approximately 90% of patients may be tolerant of rigid
lenses, with a mean reported comfortable wear time of 9-12 hours daily.>” Scleral lens
tolerance, however, frequently decreases secondary to greater peripheral touching.””®



46 | Chapter2

Likewise, same-sizing the graft to the recipient produces more corneal flattening, more
peripheral touch, and lower tolerance.**

Presently, there are no dedicated studies of CL tolerance after DALK for advanced KC.
Conceivably though, comfortable wear may be more likely than after PK, as corneas
operated with DALK tend to be modestly steeper postoperatively, thereby reducing
peripheral touch.'**"'®’

In the long term, CL tolerance may be slightly improved after UV-CXL, although it
is unclear whether this stems from surface flattening or, instead, sub-epithelial nerve
plexus fibrosis and diminished corneal sensation. In the short term, rigid lenses are
relatively contraindicated since they predispose to epithelial hypoxia and anterior kera-
tocyte apoptosis with subsequent haze formation.*”

Reports of rigid lens tolerance after ICRS for advanced KC range considerably, from
60-100%. Documented difficulties include a tendency for CLs to center over the seg-
ments themselves (rather than the corneal center), inadequate lens movement and
tear exchange, and other troubles that — while potentially correctable with the “proper”
lens style and fit — are complex, time consuming, and require considerable expertise to
I’emedy.57'84’1 51,180,244,252,300
To date, all eyes receiving BL transplantation for advanced KC have been scleral lens

tolerant postoperatively.*****

X. POSTOPERATIVE CARE AND PATIENT PERSPECTIVE

Patient satisfaction with surgery for advanced KC relates to: 1) whether the operated
eye becomes the better seeing eye, and 2) the size of the burden entailed by surgical
follow-up.

Of all patients receiving a PK, young keratoconics tend to be the most pleased.*****
Happiness peaks 5-15 years after surgery (before which, the requirements of postopera-
tive care tend to be more onerous; and after which, mounting irregular astigmatism in
the graft may result in frustratingly frequent refractive changes). Nevertheless, it may be
prudent to avoid performing PKin patients with only one“bad” eye. Unless the operated
eye becomes the “better seeing” of the two, patients are unlikely to achieve functional
benefits sufficient to compensate for the hassle and expense of the surgery itself.?****

Because DALK imposes fewer postoperative obligations than PK, greater patient
satisfaction may be expected. Surprisingly however, in the only comparative study on
the matter, patients operated with both techniques — PK in one eye, DALK in the other
- expressed a preference for their PK eye.*®” A potential explanation for this discrepancy
is that the study’s PK eyes had significantly better vision than their DALK counterparts,
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and it is uncertain whether these preferences would exist had the visual outcomes been
equivalent, as they frequently are.

Most of the impositions of UV-CXL seem to be concentrated in the short term. Shortly
after surgery, the epithelial defect may be painful and require the wear of soft CLs.
Meanwhile, hard CLs are contraindicated during this period as they may contribute to
the development of stromal haze.**

The best indicator of severe patient dissatisfaction with ICRS may be the explanta-
tion rate, which ranges from 1-35%, usually stemming from prior segment migration,
extrusion, or poor visual results — all of which are more likely in eyes with advanced
KC.8'32'169'180'196

Following BL transplantation, the operated eye is typically comfortable. Virtually all
patients report enhanced “functional” vision with increased ability to perform activities
of their daily life, although only modest Snellen improvements may occur. Although
the risk of graft rejection is thought to be extremely low, many patients are continued
on light topical steroids for one year after surgery, after which they may be stopped

completely,®*83%*

Xl. COMPLICATIONS

A. Ocular Surface Effects [PK, DALK, UV-CXL, ICRS, BL Transplantation]

All by itself, KC reduces corneal sensitivity, related to nerve fiber disruption from pro-
gressive ectasia as well as prolonged CL wear.***"* Besides having a “relatively neuro-
trophic” cornea, many patients with advanced KC have other ocular surface problems
as well. These include vernal keratoconjunctivitis, atopic eye disease, and floppy eyelid
syndrome.'”??">?77333 |n fact, most keratoconic eyes display disorders in tear quality and
conjunctival cellular composition (squamous metaplasia and goblet cell dropout) that
mirror the extent of their corneal ectasia.”’ Interestingly, although KC is usually regarded
as a non-inflammatory disease, a litany of inflammatory molecules has been found in
superabundance in the tears of affected eyes — in quantities corresponding to the sever-
ity of their ectasia — raising the possibility that the pathological mechanism is actually
a longstanding chronic inflammation.”®*% For these reasons, ocular surface issues are
likely to be a significant consideration in eyes with advanced KC.

PKand DALK tend to worsen any existing ocular surface problems, as both involve sur-
face incisions, severing of corneal nerves, and placement of long-lasting sutures. These
difficulties are evidenced by chronic, punctate epithelial erosions which may persist
indefinitely in 10-20% of eyes after PK.** In eyes with co-existing vernal keratoconjunc-
tivitis, Waggoner et al showed that nearly 7% may have late-onset, persistent epithelial
defects after surgery.*” Eyes with advanced KC are also at especially high risk for suture
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related problems — especially cheese wiring - owing to the weak Bowman layer in the
recipient corneal rim which provides an ineffective anchor point/ resistance barrier to
suture pull-through.® In one study of 947 consecutive eyes operated for advanced KC,
10% required re-suturing at some time, secondary to either graft dehiscence or loos-
ened/ broken sutures.'® With ongoing surface problems, both PK and DALK grafts are
also more likely to fail, and “recurrence” may be more likely secondary to ongoing eye
rUbbing.29'166'321'356'359

The initial, most commonly performed, and likely optimal protocol for UV-CXL requires
complete epithelial debridement. Subsequent UV radiation damages the underlying
sub-epithelial nerve plexus. Consequently, any existing neurotrophic tendencies may
be worsened until nerve regeneration occurs and sensation is restored, a process that
can require up to a year.”***"” This combined with post-op soft contact lens wear dra-
matically raises the risk for infectious keratitis and stromal melting, particularly when
concomitant ocular surface disease impairs normal corneal re-epithelialization.'¢%¢>02%
UV-CXL also appears to carry a theoretical risk to limbal stem cells, since some in-vitro
studies demonstrate decreased regenerative capacity and increased apoptosis follow-
ing treatment.?**3% Apoptosis of anterior keratocytes also appears to be the mechanism
for UV-CXL's most commonly reported complication — the development of anterior
stromal haze — which may be seen in 7 to 100 % of eyes following the procedure, and
may be particularly severe in patients with advanced KC. Usually, this haze gradually
dissipates over the course of a year, but may be permanent in a small percentage of
those affected.'**??®

As previously mentioned, ICRS endanger the ocular surface according to how super-
ficially they lie. Shallow segments may result in overlying tissue hypoxia (secondary to
anterior stromal compression), and subsequent corneal neovascularization, recurrent
erosion, corneal melting, and ring segment exposure / extrusion.”?°**°?% Manually
dissected segment channels tend to be shallower and more irregular than those created
by femtosecond laser and may predispose to more of these problems (although, fem-
tosecond created channels are more often decentered, jeopardizing the predictability
and success of the corrective effect).””'**'**** Compared to INTACS, Ferrara segments-
because of their triangular/ wedged cross-sectional shape - may conduce to gradual
segment superficialization.'

Unless stitched closed, wound gape may occur at the mouth of the channels. Infectious
keratitis is relatively uncommon after ICRS, occurring in 2% of operated eyes.'*®'>>2%
Although gram positive organisms are the most common offenders, corneal cultures
are usually negative, since many patients are still using post-operative antibiotics at the
time of diagnosis. Treatment consists of topical antibiotics and does not always require
segment explantation. Usually, no long term visual consequences are experienced,
though occasionally extensive scarring requiring subsequent PK occurs.””
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BL transplantation may be the least dangerous option in eyes with surface problems,

since the operation leaves the corneal surface intact. It makes no surface incisions, uses
) 338,339

no sutures, and instils no artificial materials (Figure 3

Figure 3. Two images of a single patient (A) Right eye, six months after DALK; (B) Left eye, six months after
BL transplantation, with a regular ocular surface.

B. Graftrejection and failure [PK, DALK, BL Transplantation]

Although primary graft failure following PK has become rare, episodes of allograft reac-
tion remain relatively common, affecting 13-31% of eyes in the first three years after
surgery, with a mean time to onset of 8-15 months.?***?***35! The most important risk
factors are the size of the graft, the number of previous corneal transplants, and the
presence of peripheral corneal neovascularization, though other factors have been
implicated as well including the lingering presence of interrupted sutures (especially
if loose), an atopic constitution, glaucoma, and having previously received a PK in the
contralateral eye (especially if within the past 12 months,)*®>99110221:234236322 N\t
instances of allograft reaction can be successfully halted by the timely application of
steroid treatment, such that graft failure may occur in less than 10% of such events.'?®
For the first PK an eye receives for advanced KC, long term survival is usually good,
averaging 97% at 5 years, 90% at 10 years, and 80% at 20-25 years postoperative-
ly.57164177271322 Thase figures are substantially better than those reported following PK
for other indications such as FED or PBK.**? A potential explanation for this discrepancy
is that eyes operated for advanced KC may have a relatively “healthy” pool of normal
endothelial cells remaining within the peripheral (unoperated) corneal rim, which may
migrate in to bolster and support the endothelial population of the graft over time
(which may not occur if PK is performed for endothelial failure).'””**'
After the first, all subsequent PKs that a single eye receives experience substantially

lower survival rates. With second grafts, survival at 1 year may be only 88%, 69% at 5
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years, and 46% at 15 years postoperatively. For third grafts, these figures are worse still,
with only 65% surviving 1 year, 49% surviving 5 years, and 33% surviving 15 years (me-
dian survival of 4 years)."””?% Time to first failure is an important independent risk factor
for future failures, with transplants having failed within the first decade more than four
times as likely to fail again. Recipient age greater than 60 is another risk factor for sub-
sequent grafts (after the first) to fail."””?*'*% Because many patients with advanced KC
are transplanted early in life, it may be more likely than not that, ultimately, more than
one graft may be required over their lifetime. Therefore, these dramatically worsened
survival figures for subsequent grafts may be important long term consequences even
for eyes with very good, initial, surgical results.

Further, recall that even some “surviving” grafts (i.e. with a healthy population of
endothelial cells) may require replacement if progressive or recurrent corneal ectasia
becomes severe — a condition which affects an estimated 11% of eyes at 20 years post-
operatively.'"#**

DALK may present risks for milder versions of many of these same complications. Al-
lograft reactions may be less frequent and less likely to result in graft failure.?*® Graft
survival is projected to be longer, with Borderie et al calculating an average lifespan
for PK grafts of 17.9 years, compared to 49.0 years with DALK.*® Probably, this disparity
exists because, after DALK, ECDs are consistently higher than after PK (unless an intraop-
erative DM perforation occurs, in which case they are equal).*®**** Occasionally, an eye
will require a re-operation after DALK secondary to poor visual acuity, usually because of
interface haze stemming from incomplete or pre-descemetic stromal dissection. While
some studies label these “underperforming” DALKs as “failed grafts,” it is important to
note that the mechanism is fundamentally different than graft failures following PK.*'

With BL transplantation, the transplanted tissue is acellular, and therefore would be
theoretically unlikely to provoke a strong immune reaction. To date, no episodes of al-
lograft reaction, or graft failure, have been observed.***3*

C. DM perforation [DALK, ICRS, BL Transplantation]

DALK'’s most significant complication is intraoperative DM perforation, which may occur
in 0-50 % of eyes.19%""""762042% Dapending on the size of the perforation, conversion
to PK (or suturing/ gluing of the ruptured DM) may be necessary to avoid the formation
of a double anterior chamber and persistent corneal edema.'®*'® If using Melles manual
dissection (rather than the Anwar big-bubble), if perforation occurs the operation can
be aborted and reattempted at a later date, since no surface incisions have been made.

ICRS placement may cause DM perforation in approximately 5% of eyes with ad-
vanced KC, being especially likely in extremely thin and steep corneas. Although the DM
rupture is usually sustained intra-operatively, late perforations have also been reported

attributed to segment migration stemming from eye rubbing.'**'%*%"'
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BL transplantation may also result in inadvertent DM perforation — reported in 4-9% of
eyes — particularly in especially thin and steep corneas. As with Melles manual DALK, if

rupture occurs, the operation may be aborted and rescheduled or converted to PK.*****

D. Glaucoma [PK, DALK, BL Transplantation]

Although severe intraocular pressure (IOP) increases are less common when the indica-
tion for PK is advanced KC (compared to herpetic disease, intractable ulcer, FED, PBK,
or corneal perforation), still, most eyes — approximately 75% - experience a pressure
rise.”'1*2 According to a report by Erdurmus et al, these IOP elevations are >5mmHg
from baseline in 72% of patients, and >10mmHg in 24%. Although usually resolving
with steroid tapering, persistently high IOP (requiring treatment) may ensue in 6-15% of
operated eyes.'”"** In aphakic eyes, there is a smaller incidence of glaucoma one year
after surgery if an oversized (versus a same-sized) graft is used, although this result has
been frequently extrapolated to argue for oversizing grafts in phakic and pseudophakic
eyes as well.*"*%

Likely because of their lower steroid requirement (owing to the smaller risk of rejec-
tion), eyes receiving DALK may be less prone to IOP problems."***** For eyes with
advanced KC, Zhang et al described an increase in IOP following DALK in only 1.3% of
operated eyes, compared to 42% of eyes after PK.*** Actual glaucoma may also be less
common (by up to 40%) per a study by Tan et al.**°

Presently, it is standard to use the same postoperative steroid regimen following BL
transplantation as with DALK (though, after a year, it may be possible to discontinue
topical steroids entirely). Consequently, BL transplantation may embody some, though
probably lower, risk for glaucoma than either DALK or PK. Presently, however, there is
only a single case reported of glaucoma diagnosed after BL transplantation, though it is

unclear whether the operation itself was responsible. **#3%

XIl. FUTURE DIRECTIONS

Treatment for advanced KC has trended away from PK (and to some extent, even DALK)
largely because of the problems these surgeries entail: ocular surface and wound
healing difficulties, suture related issues, allograft reactions, glaucoma, and others.
UV-CXL, ICRS, and - most recently, BL transplantation - represent the “second wave” of
therapeutic options for advanced KC, notable especially for being much less invasive,
and therefore, potentially safer. All three of these latter operations require more study,
particularly BL transplantation, whose first patients are now only four years removed
from surgery. But if substantial, permanent corneal flattening can be achieved without
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surface incisions, sutures, or the requirement for long term steroids, then these surgeries
may represent the future of advanced KC treatment.

XIIl. METHODS OF LITERATURE SEARCH

The Pubmed and Cochrane library was searched electronically for peer-reviewed
literature in November 2013 and October 2014 without date restrictions. Key words
employed in the search included keratoconus, penetrating keratoplasty, deep anterior
lamellar keratoplasty, intracorneal ring segments, and corneal crosslinking, Articles were
included according to their relevance to the subject and excluded to avoid redundancy.

XIV. DISCLOSURE

No author has a financial or proprietary interest in any material or method mentioned.
Dr Melles is a consultant for D.O.R.C. International/ Dutch Ophthalmic USA and Surgi-
Cube International.
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