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Reshaping procedures for the surgical
management of corneal ectasia
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Corneal ectasia is a progressive, degenerative, and noninflammatory thinning disorder of the
cornea. Recently developed corneal reshaping techniques have expanded the treatment armamen-
tarium available to the corneal specialist by offering effective nontransplant options. This review
summarizes the current evidence base for corneal collagen crosslinking, topography-guided pho-
torefractive keratectomy, and intrastromal corneal ring segment implantation for the treatment of
corneal ectasia by analyzing the data published between the years 2000 and 2014.
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Corneal ectasia is a progressive, noninflammatory
thinning disorder of the cornea that compromises the
stromal collagen matrix, resulting in protrusion and
alteration of corneal shape. The types of ectasia include
keratoconus, pellucid marginal degeneration (PMD),
keratoglobus, posterior keratoconus, and post laser
refractive–surgery ectasia.
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The incidence of keratoconus, the most common
type of ectasia, is 1.3 to 25 per 100 0001 with a reported
prevalence of 50 to 230 cases per 100 000.2 There is a
strong association of ectasia with atopy,3 and a
growing body of evidence suggests genetic factors
play an important role in its pathogenesis.4 Although
the total corneal collagen content of keratoconic eyes
is normal, changes in epithelial basement membrane
structure, stromal collagen fiber and extracellular
matrix components, keratocyte morphology, and cell
matrix interactions result in lamellar/fibrillar slip-
page, leading to a reduction in corneal stiffness by a
factor of 0.7.5,6 This in turn leads to protrusion of the
corneal apex and an increase in corneal power.7

Pellucid marginal degeneration is a rare, idiopathic,
progressive, nonhereditary, and noninflammatory
ectatic disease classically affecting the inferior aspect
of the cornea.8 Histopathologic evaluation of PMD
shows a thin or irregular Bowman layer,9 while elec-
tron microscopy studies reveal fibrous long collagen
with a periodicity of 100 to 110 nm scattered among re-
gions of otherwise normal collagen fibers.10

Post laser refractive–surgery ectasia is an uncommon
and complex entity that has been reported following
both laser in situ keratomileusis (LASIK)11 and photore-
fractive keratectomy (PRK),12,13 with a reported
prevalence of 1/250014 and 1/3000,15 respectively. Iat-
rogenic ectasia has been associated with laser refractive
http://dx.doi.org/10.1016/j.jcrs.2015.03.010
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correction in preexisting subclinical (forme fruste) kera-
toconus, excessive tissue ablation, enhancements, and
attempted high myopic correction.14

Conservative management of keratectasia initially
involves spectacle correction followed by contact
lenses. Contact lenses represent the treatment of choice
for most keratoconic patients.16 However, surgical
intervention is required in patients who become con-
tact lens intolerant or are not capable of visual rehabil-
itation with contact lenses. For advanced disease with
central corneal scarring, corneal transplantation,
preferably with deep anterior lamellar keratoplasty
(DALK) or alternatively penetrating keratoplasty, re-
mains the only viable treatment option. Large prospec-
tive cohort studies report a keratoplasty rate of 11.8%
after an 8-year period of follow-up17 and 18.8% over a
20-year period.18 However, the high financial burden
of corneal transplantation,19 limited patient satisfac-
tion with postoperative vision, and contact lens intol-
erance,20 coupled with an almost 50% failure rate at
the 20-year timepoint after keratoplasty,21 has led to
the development of many new nontransplant surgical
treatment options to both stabilize the ectatic process
and improve vision.

There has been particular interest in the newer treat-
ment modalities as they offer the potential to treat the
disease at an earlier stage, prevent the morbidity asso-
ciatedwith disease progression, and preclude the need
for the more invasive keratoplasty procedure. For this
reason, the Corneal Clinical Committee of the Amer-
ican Society of Cataract and Refractive Surgery
thought it important to review corneal collagen cross-
linking (CXL) and intrastromal corneal ring segments
(ICRS) as treatment modalities in patients with
keratectasia.

METHODS

This systematic review adopted a search strategy designed
to identify all relevant published English articles using the
Ovid Medline and PubMed databases. A literature search
was performed to identify studies of photochemical corneal
CXL with riboflavin (vitamin B2) and ultraviolet-A (UVA)
and ICRS for the management of corneal ectasia published
before January 1, 2014.

CORNEAL COLLAGEN CROSSLINKING

Crosslinking can be defined as the creation of bonds
that connect 1 polymer chain to another. Corneal
CXL is a technique to strengthen corneal tissue. It
uses riboflavin as a photosensitizer and UVA to in-
crease the formation of intrafibrillar and interfibrillar
carbonyl-based covalent bonds through the process
of photopolymerization.22,23 Although the exact mo-
lecular response to CXL is not fully understood, exper-
imental data suggest that it occurs via 2 mechanisms.
J CATARACT REFRACT SURG
After the riboflavin molecule is excited to its single
or triplet state and in the early aerobic phase of CXL,
photosensitized oxidation of stromal proteins occurs
via interaction with reactive oxygen species (type II
mechanism).24 After the oxygen supply is depleted
and in anaerobic conditions, reactive species of radical
ions are produced and interact with numerous mole-
cules in the corneal stroma (type I mechanism).22 The
liberation of these molecules in the corneal stroma
coupled with the resulting wound-healing response
to the procedure’s mechanical and photochemical
insult is thought to induce an increase in corneal rigid-
ity in the anterior 200 mm of the stroma,25–28 modulus
of elasticity, collagen fiber thickness,29 resistance to
stretching,28 and enzymatic degradation,30 with an
associated decrease in swelling and permeability.31–33

Although the major indication for CXL is to arrest
the progression of keratoconus,34 CXL has been used
in the treatment and prophylaxis35 of iatrogenic ecta-
sia resulting from LASIK,35–37 PRK,36,38 and radial ker-
atotomy.39 It has also been used in combination with
other treatments, such as ICRS implantation40,41 and
limited topography-guided photoablation.42,43

As the CXL process leads to compaction of the
corneal stroma and reduces the potential space for
fluid in edematous corneas,44,45 it has been used effec-
tively in short-term palliative treatment of patients
with pseudophakic bullous keratopathy with a re-
ported reduction in patient pain scores and central
corneal thickness (CCT) but no significant improve-
ment in visual acuity.46

Initial laboratory studies indicated potential antimi-
crobial properties, and subsequently small case series
have reported successful treatment of bacterial (Pseu-
domonas aeruginosa, Staphylococcus aureus, Escherichia
coli), fungal (Fusarium, Aspergillus), protozoal (Acan-
thamoeba), and atypical (nontuberculous mycobacte-
ria) keratitis using CXL.47
Dresden Protocol
The standard protocol, or what is now referred to as
the Dresden protocol for CXL, as initially reported by
Wollensak et al.,34 requires epithelial removal, applica-
tion of riboflavin 0.1% solution for 30 minutes before
UV exposure, with a wavelength of 370 nm and homo-
genous irradiance of 3 mW/cm2 for 30 minutes
(5.4 J/cm2). Collateral endothelial, lenticular, or retinal
damage is not expected using this protocol.48
Alternative Treatment Protocols
More recent CXL techniques have departed from the
original Dresden protocol. These newer techniques use
different formulations and delivery methods of ribo-
flavin as well as altered UV exposures to shorten
- VOL 41, APRIL 2015
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duration times, reduce patient discomfort, and mini-
mize postoperative complications.

High-Fluency Collagen Crosslinking The theoretical
foundation of high-fluency CXL is the Bunsen-
Roscoe law of photochemical reciprocity, which states
that the same photochemical effect can be achieved
with a reduced irradiation interval provided the total
energy level is kept constant through a corresponding
increase in irradiation intensity. Commercially avail-
able ultrafast devices are now able to provide an irra-
diance intensity of 43 mW/cm2. Using this setting, a
total treatment time of 2 minutes would achieve the
standard Dresden protocol energy dose of 3.4 J or a
radiant exposure of 5.4 J/cm2.49

Ex vivo human cornea studies using scanning
acoustic microscopes have failed to demonstrate a sig-
nificant difference in corneal stiffness between corneas
treated with low and high intensity.50 Early in vivo
safety studies using high-fluency crosslinking have
shown the procedure to be safe with no adverse effects
on epithelial healing times or corneal limbal
morphology.51 However, a recent human safety study
suggests transient but significant differences in endo-
thelial cell density, percentages of hexagonality, and
coefficient of variation of the endothelial cell area in
the first month after treatment with high-fluency
CXL.52

Pulsed Collagen Crosslinking There are currently no
peer-reviewed publications on the use of this CXL
modality.

Transepithelial Collagen Crosslinking The diffusion pro-
cess of riboflavin 0.1% in the stroma is a time-
dependent 1-dimensional process that is limited by
corneal epithelial tight junctions.53,54 Epithelial
debridement is thought to be a major contributor
to the postoperative complications of CXL, such as
infective keratitis and an abnormal wound-healing
response. This issue has perpetuated interest in the po-
tential application of an epithelium-on technique.55,56

The 2 main challenges associated with this technique
are the limited diffusion of the riboflavin molecule
with a molecular weight 376 g/mol through the lipo-
philic cornea and the molecule’s epithelial tight
junctions,57,58 as well as the high UV absorption coef-
ficients of the corneal epithelium and Bowman layer.59

The diffusion of riboflavin across an intact corneal
epithelium can be achieved through a number of tech-
niques, such as modifying the corneal epithelial
permeability, changing the physicochemical proper-
ties of the riboflavin molecule, and directly delivering
the riboflavin molecule into the corneal stroma. Modi-
fication of epithelial permeability can be an alternative
to epithelial removal. In this approach, chemical
J CATARACT REFRACT SURG
enhancers such as benzalkonium chloride (BAK), eth-
ylenediaminetetraacetic acid (EDTA), trometamol, or
gentamicin are added individually or concurrently
with the riboflavin solution to loosen epithelial tight
junctions and facilitate the diffusion of riboflavin into
the stroma.31,55 A preparation of riboflavin 0.1% con-
taining EDTA and trometamol is currently available
commercially (Ricorlin TE).

Although human studies report a low complication
rate of 0% to 3.9% (transient haze) in patients treated
with transepithelial CXL,60,61 the effectiveness of the
technique remains uncertain and its use is still the sub-
ject of debate and controversy. Experimental data have
shown that performing BAK 0.0005%-enhanced trans-
epithelial CXL results in an increase in biomechanical
rigidity of only one fifth the level expected with stan-
dard CXL in rabbit corneas (21.3% versus 102.4%).62

Other studies have shown the technique to affect the
collagen pattern profile and not the collagen fiber
diameter.63 Furthermore, limited keratocyte apoptosis
has been demonstrated in transepithelial CXL,64 as
well as a more superficial CXL demarcation line at
100 to 140 mm of depth when 1 enhancer is used64,65

and 250 mm when 2 enhancers are used.66 This is in
contrast to standard CXL in which a demarcation line
is visible at a depth of 280 to 330 mm.67,68

To improve the diffusion of the negatively charged
water-soluble riboflavin molecule through an intact
epithelial layer, iontophoretic delivery using a mild
electrical current has been investigated. Studies show
that while this technique allows greater and deeper
riboflavin penetration in the corneal stroma than the
conventional epithelium-on technique, this concentra-
tion is half that seen with the epithelium-off method.69

Confocal studies of eyes treated using this technique
again show a keratocyte apoptotic effect at a 60 to
70 mm more superficial level than standard CXL, sug-
gesting suboptimal penetration of the riboflavin into
the corneal stroma.70

In another attempt to avoid disturbing the corneal
epithelial integrity and to hasten postoperative heal-
ing, clinical investigators have used a grid-like pattern
of deepithelialization,71 riboflavin soaking of corneal
pockets created for ICRS,72 and superficial intrastro-
mal administration of riboflavin using a femtosecond
laser–created central corneal pocket.73,74

Early clinical and experimental data show that the
grid-like pattern of deepithelialization is ineffective
in increasing the absorption of riboflavin,71,75 while
the femtosecond pocket procedure has shown some
promise, with 1 small human study demonstrating
stabilization of the ectatic process as well as improved
corrected distance visual acuity (CDVA) and
maximum keratometry (K) values over a follow-up
of up to 26 months.73
- VOL 41, APRIL 2015
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Corneal Crosslinking in Thin Corneas
Several alternative strategies have been used to pro-
tect the intraocular structures from UVA irradiance in
patients with progressive ectasia who do not meet the
minimum corneal thickness criteria for CXL treatment
(440 mm including the epithelium). These include
transepithelial CXL, pachymetry-guided epithelial
debridement,76 use of hypoosmolar preparations of
riboflavin to produce corneal swelling,77 decreasing
the UVA irradiance dose, reducing the duration of
riboflavin soaking, increasing the riboflavin concen-
tration, or a combination of the above.31 Although
these modifications may protect the endothelium in
thin corneas, they are yet to be standardized and it re-
mains unclear whether theywill yield results similar to
those of conventional CXL.
Typical Postoperative Findings
Anterior corneal stromal haze often occurs in the
first month after treatment and typically resolves after
12 to 20 weeks.56 The posterior aspect of this haze is
demarcated by an indistinct hyperreflective demarca-
tion line seen in the midstroma. While no consensus
about its etiology has been reached, it is in all probabil-
ity a clinical manifestation of the depth of CXL and
occurs as a result of a change in the stromal refractive
index, an increase in collagen fiber diameter, and
fibrillar spacing.29,78
Cellular and Ultrastructural Findings After Corneal
Collagen Crosslinking
Corneal CXL induces a wound-healing response
with associated changes in the structure and cellularity
of the cornea evident on confocal microscopy from the
early postoperative period up to 36 months after treat-
ment.79 Confocal microscopy studies performed
immediately after CXL reveal stromal edema, thinning
of the epithelial layer, keratocyte apoptosis, and a
reduction in nerve fiber density in the anterior stroma
(250 to 300 mm).31 A human histopathologic study
24 hours after CXL in a normal cornea confirmed com-
plete loss of anterior stromal keratocytes to a depth of
250 to 280 mm, whereas keratocyte densities were
found to be normal in the posterior aspect of the
stroma.80 Three to 6 months after treatment, confocal
microscopy shows a reduction in edema, increased
density of the stromal extracellular matrix, and
gradual repopulation of the stromawith activated ker-
atocytes from the peripheral cornea.81,82

At the 1-year timepoint, posterior stromal and
endothelial cell morphology has been shown to be
unchanged.83 Thirty-six months postoperatively, a
“bridge-and-needle” shaped hyperreflective density
in the anterior extracellular corneal matrix can be
J CATARACT REFRACT SURG
visualized and this has been interpreted as newly re-
placed collagen.67,84

In Messmer et al.’s histopathologic study of kerato-
conic eyes,6 long-term changes in the anterior/middle
corneal stroma with central and peripheral keratocyte
loss were observed up to 30 months after CXL. While
this study contradicts reported in vivo confocal studies
of human corneas and animal histological studies, it is
a worrisome report and shows the possible long-term
consequences of this ever more popular procedure.
Clinical Outcomes
Keratoconus Conventional Crosslinking (Dresden Proto-
col) Case Control StudiesMany studies have evaluated
the role of CXL as a treatment modality for keratoco-
nus since Wollensak et al.34 reported the first
controlled clinical study in 2003. In that ground-
breaking study, CXL was performed in 23 eyes of 22
patients with progressive keratoconus. At the last
follow-up (range 3 months to 4 years), there was no
observable progression of keratoconus in any of the
patients. A reduction in maximum K was observed
in 16 eyes (70%): a mean reduction of 2.01 diopters
(D) accompanied by a 1.14 D reduction in refractive er-
ror. A progression in the K readings (mean 1.48 D)
occurred in 22% of untreated contralateral eyes.

Since the Wollensak et al. report, more than 20
cohort studies of the effect of standard CXL using
different outcome measures have been reported. The
results of these investigations are summarized in
Table 1.34,40,68,85–105

The majority of the studies are prospective longitu-
dinal studies (84%), whereas a small proportion are
retrospective (16%). Of the 24 prospective longitudinal
studies, 11 report the outcomes of the treated eye (usu-
ally the worse eye) with those in the untreated fellow
eye serving as a control.

The studies report the effect of CXL in a patient
group with a mean age between 16 years and 35 years
and a follow-up duration between 3 months and
60 months. Half the studies have a mean follow-up
period of up to 1 year; only 3 studies followed their pa-
tient cohort for more than 3 years.

The studies show an efficacy rate of 62% to 100% in
halting keratoconus progression as assessed by
maximum/mean K changes. All the studies (where
data are available) report a reduction in keratometric
measurements, while half the studies show the reduc-
tion to be statistically significant. The degree of flat-
tening ranges between 0.01 D and 1.0 D (43% of
studies), 1.0 D and 2.0 D (33% of studies), and 2.0
and 3.0 D (24% of studies). The flattening effect of
CXL appears to continue up to 6 years104 with no sig-
nificant late complications.96
- VOL 41, APRIL 2015



Table 1. Cohort studies of CXL in progressive keratoconus.

Author* (Year) Eyes (n)
Mean
Age (Y)

Mean
FU (Mo)

Stabilization
(Improvement) in Kmax/

Kmean (%)

Mean Change

Kmax/Kmean (D) SE (D) UDVA

Ivarsen85 (2013) 28 (d) 22 96 (50) 1.1† 1.7† (d)

Legare86 (2013) 39 26.8 15.8 (d) (d) (d) 0.39 logMAR†

Poli87 (2013) 45 21.7 20.8 100 (d) 0.19 (d) 0.18 logMAR†

Hashemi88 (2013) 40 22.4 60 (d) 0.24 0.41 0.02 logMAR

O’Brart89 (2013) 30 26.3 53.3 100 (34) 0.84† 0.82† 0.01 Snellen equivalent

Guber90 (2013) 33 26.36 12 (d) 0.16 2.17† (d)

Viswanathan91 (2013) 51 24.2 13.8 (d) 0.96† 0.2 (d)

Goldich92 (2010) 14 28.2 24 (d) (92) 2.4 1.3 0.19 logMAR

Koller93 (2011) 151 29.3 (d) 98 (37) 0.89† (d) (d)

Henriquez94 (2011) 10 29.7 12 (d) (80) 2.66† 2.25† 0.72 logMAR†

Asri95 (2011) 142 24.1 10 91 (21) 0.49† (d) 0 logMAR

Caporossi96 (2010) 44 (d) 48 89 (85) 2.26 (d) 2.15† 2.85 Snellen lines

Saffarian97 (2010) 92 21.5 12 (d) 0.94† 0.57† 0.30 logMAR†

Coskunseven40 (2009) 38 22 9 (d) 1.57† 1.03† 0.06 logMAR†

Grewal98 (2009) 102 25.6 12 (d) 1.07 1.43 (d)

Vinciguerra99 (2009) 28 (d) 24 (d) 1.35† 0.81† 0.24 logMAR†

Koller100 (2009) 117 (d) 12 92 (37) (d) (d) (d)

Doors68 (2009) 28 35.1 6.3 62 (25) 0.08 (d) (d)

Arbelaez101 (2009) 20 24.4 12 (d) 1.36† 1.88† 4.15 Snellen lines†

El-Raggal102 (2011) 15 26.4 (d) 100 (d) 1.63† (d) 0.04 logMAR†

Agrawal103 (2009) 37 16.9 12 92 (54) (d) (d) (d)

Raiskup-Wolf104 (2008) 66 30 24 86 (56) 1.91† (d) (d)

Caporossi105 (2006) 10 31.4 3 100 (d) 2.1 (d) 2.2 (d) 3.6 Snellen lines†

Wollensak34 (2003) 23 31.7 23.2 100 (70) 2.01 1.14† (d)

(d) Z data not available;C Z deterioration in parameters; CCT Z central corneal thickness; CDVAZ corrected distance visual acuity;
CXLZ crossinking; FUZ follow-up; KmaxZmaximumkeratometry; KmeanZmean keratometry; SEZ spherical equivalent; UDVAZ
uncorrected distance visual acuity
*First author
†Statistically significant result
zHypoosmolar solution used if !400
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Table 1. (Cont.)

Mean Change

CCT (mm) Permanent Complications Study Design CXL DeviceCDVA

0.07 logMAR O400z Loss of CDVA (7%) Retrospective pre–post
longitudinal cohort

UV-XIROC

(d) O400z None Retrospective pre–post
longitudinal cohort

UV-XIROC

0.22 logMAR† O400 None Prospective pre–post longitudinal
cohort and comparative controls

Vega CBMX-linker

0.12 logMAR† O400 None Prospective pre–post longitudinal
cohort

UV-XIROC

0.1 Snellen equivalent † O400 1-line loss CDVA (17%) Prospective pre–post longitudinal
cohort

Vega CBMX-linker &
Roithner Lasertechnik

0.04 logMAR† O400 Corneal scar (6%) Prospective pre–post longitudinal
cohort

UV-XIROC

0.05 logMAR† O400 (d) Prospective pre–post longitudinal
cohort

UV-XIROC

0.07 logMAR O400 None Prospective pre–post longitudinal
cohort

UV-X Peschke

0.55 logMAR O350z (d) Prospective pre–post longitudinal
cohort

UV-X Peschke

0.09 logMAR O450 None Prospective pre–post longitudinal
cohort and comparative controls

UV-XIROC

0.01 logMAR† O400 O2-line loss CDVA (3.5%) Retrospective pre–post
longitudinal cohort

(d)

2.0 Snellen lines O400 None Prospective pre–post longitudinal
cohort and comparative controls

Vega CBMX-linker

0.06 logMAR† O400 None Prospective pre–post longitudinal
cohort

UV-XIROC

0.10 logMAR† O400 None Prospective pre–post longitudinal
cohort and comparative controls

UV-X Peschke

0.02 logMAR O400 (d) Prospective pre–post longitudinal
cohort and comparative controls

Roithner Lasertechnik

0.15 logMAR† O400 (d) Prospective pre–post longitudinal
cohort and comparative controls

UV-X Peschke

(d) O400 Stromal scar (2.8%) Prospective pre–post longitudinal
cohort and comparative controls

UV-X Peschke

0.02 logMAR O400 None Prospective pre–post longitudinal
cohort

Vega CBMX-linker

1.65 Snellen lines† O400 None Prospective pre–post longitudinal
cohort

UV-X Peschke

0.02 logMAR O420 Superficial corneal scar
(6.67%)

Prospective pre–post longitudinal
cohort

UV-X Peschke

(d) O400 None Retrospective pre–post
longitudinal cohort

Vega CBMX-linker

0.09 logMAR† O400 (d) Prospective pre–post longitudinal
cohort

UV-X Peschke

1.6 Snellen lines† O400 None Prospective pre–post longitudinal
cohort and comparative controls

Exerion-Sas

1.26 Snellen line† O400 None Prospective pre–post longitudinal
cohort and comparative controls

Roithner Lasertechnik
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Table 2. Randomized controlled trials of CXL in progressive keratoconus.

Author* (Year) Eyes (n) Mean Age (Y) Mean FU (Mo)

Stabilization
(Improvement) in Kmax/

Kmean (%)

Mean Change

Kmax/Kmean (D)

Wittig-Silva112 (2008) 66 26.9 12 100 (O50) 1.45†

Hersh113 (2011) 49 (d) 12 90 (51) 2.0†

O’Brart111 (2011) 24 29.6 18 100 (23) 0.62†

Wittig-Silva114 (2014) 46 25.6 36 98 (d) 1.03†

(d) Z data not available;C Z deterioration in parameters; CCT Z central corneal thickness; CDVAZ corrected distance visual acuity;
CXLZ crossinking; FUZ follow-up; KmaxZmaximumkeratometry; KmeanZmean keratometry; SEZ spherical equivalent; UDVAZ
uncorrected distance visual acuity
*First author
†Statistically significant results
zHypoosmolar solution used if !400
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The improvement in corneal shape is accompanied
by an improvement in uncorrected distance visual
acuity (UDVA) of between 0.01 logMAR and 0.72
logMAR and an improvement in CDVA of 0.01 to
0.55 logMAR in all the studies (where data are avail-
able). The improvement in visual acuity after treatment
has been attributed to a decrease in astigmatism, a
reduction in corneal curvature, and topographical
homogenization resulting from increased corneal
rigidity. Coma-like aberrations, which are the most
prevalent higher-order aberrations (HOAs) in kerato-
conic eyes,106,107 have also been shown to be signifi-
cantly reduced following CXL.96,101,103,105

The efficacy of the standard CXL procedure is accom-
panied by no significant changes in endothelial cell
counts (ECCs),92,94,96,105 intraocular pressure (IOP),96,105

lens density,98 or foveal thickness.92,94,98 Although most
of the studies report long-term stability of corneal thick-
ness,40,91,92,100,105 a long-term prospective randomized
control trial (RCT) has shown that CXL induces an initial
thinning of the central cornea that is followed by a
gradual recovery toward baseline levels,108 with the
change in corneal thickness hypothesized to be due to
changes in the spacing between individual collagen fi-
brils rather than to change in their diameter.109,110

It is worth noting that while the aforementioned
studies tend to have well-defined inclusion and exclu-
sion criteria and trial designs, they are largely single-
center, nonrandomized, and nonconsecutive. As
such, they are prone to a number of error sources
such as selection and reporting bias. The studies
have also used different topography devices and
different measures, such as corneal surface curvatures,
asymmetry indices, and higher-order corneal aberra-
tions, to assess progression in ectatic eyes. Therefore,
they represent low-quality evidence of the efficacy of
CXL in treating keratectasia.
Randomized Controlled Trials To date, 4 RCTs have re-
ported the clinical outcomes of conventional CXL
J CATARACT REFRACT SURG
in the treatment of keratoconus.111–114 These RCTs
are summarized in Table 2. Although small in size,
the studies are of moderate quality based on the Ja-
dad scale. They report a 90% to 100% success rate in
halting the progression of the disease, and in all of
them, significant corneal flattening was observed,
with a reduction in the maximum K value between
0.62 D and 2.0 D. Three of the 4 studies also show
evidence of disease progression in the control group
as indicated by progressive steepening of the
cornea.112–114

The impact of the CXL procedure on CDVA is
encouraging, with all studies showing a statistically
significant improvement in CDVA (0.09 to 0.14 log-
MAR) after treatment.111,113,114 Although there was a
trend toward improved UDVA and reduced mean
spherical equivalent (SE) after CXL in the 4 studies,
the trend did not reach statistical significance in most
of the trials. O’Brart et al.111 also report an improve-
ment in cone apex power and wavefront measure-
ments (root mean square [RMS], coma, and pentafoil)
after the CXL procedure. No permanent vision-
threatening complications were reported in any trial.

It should be noted that these RCTs are small with
relatively short follow-up periods (12 to 36 months).
It is also noteworthy that none had a sham controlled
group of more than 3 months, nor were they double-
blinded, and it is conceivable that the reported
changes in corneal topography and visual acuity
were affected by this error source.

Transepithelial Collagen Crosslinking A number of small
studies have evaluated the role of transepithelial CXL
in keratoconic patients. Most of the studies have a pro-
spective longitudinal cohort design with a follow-up
period between 1 year and 2 years. The results in these
studies are summarized in Table 3.60,61,65,66,70,115–119

The studies report the effect of transepithelial CXL in
a patient group with a mean age between 14 years and
- VOL 41, APRIL 2015



Table 2. (Cont.)

Mean Change

CCT (mm) Permanent Complications CXL DeviceSE (D) UDVA CDVA

(d) (d) 0.12 logMAR† O400 None UV-X IROC
0.85 0.05 logMAR 0.14 logMAR† O400z (d) UV-X IROC
0.82 0.06 Snellen decimal

equivalent
0.12 Snellen decimal

equivalent†
O400 None CMB Vega X-linker &

Roithner Lasertechnik
0.61 0.15 logMAR† 0.09 logMAR† O400 None UV-X IROC
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34 years and a follow-up period between 6months and
24 months. Seven of the 9 studies (where data
are available) report an overall reduction in maximum
K: between 0.01 D and 1.0 D (3 studies), 1.0 D and 2.0 D
(1 study), and 2.0D and 3.0D (3 studies). This improve-
ment in corneal shape is accompanied by an improve-
ment inUDVAof 0.13 to 0.27 logMAR in all but 1 study
and an improvement in CDVA of 0.02 to 0.11 logMAR
in all the studies (where data are available).

Although transepithelial CXL appears to be a safe pro-
cedure with no significant adverse effects and stable
postoperative ECCs,61,66,70,115,116,119 3 of the studies
report significant corneal steepening despite treat-
ment60,61,117 and in 1 study nearly one fifth of patients
required a repeat CXL procedure using theDresden pro-
tocol.117 There are also inconsistent results in pachymet-
ric measurements after transepithelial CXL, with 3
studies reporting continued corneal thinning in treated
patients,60,70,117 3 studies reporting stable CCTmeasure-
ments,65,115,119 and 1 study reporting increasing thick-
ness after treatment.118 The effect of treatment on
HOAs is also debatable, with 2 studies reporting
improved RMS, coma, and spherical aberration mea-
surements65,66 and 1 study reporting an increase in
spherical aberration and no significant change in coma
measurements after 2 years of follow-up.117 Further-
more, the efficacy of transepithelial CXL in a pediatric
population is debatable as Caporossi et al.117 reported a
50% retreatment rate in this subgroup due to demon-
strable progression after 1 year. This is in contrast to
the only head-to-head study available in which
Magli et al.120 report that transepithelial CXL has safety
and efficacy indices similar to those of conventional
CXL in pediatric patients.

The diversity of surgical protocols and reported results
make overall assessment of transepithelial CXL as a pro-
cedure to halt the progression of keratoconus problem-
atic. While it seems likely that transepithelial CXL has a
less tangible therapeutic effect than standard
J CATARACT REFRACT SURG
CXL,60,61,116,117 it could be beneficial to patients with
thin corneas, uncooperative individuals, or those with
questionable progression, as it is expected to have a lower
complication rate than standard CXL. A well-designed
RCT comparing a standardized transepithelial CXL pro-
cedure and conventional CXL is required to establish its
noninferiority, confirm its superiority in complication
profile, andultimately clarify theconsiderableuncertainty
that surrounds the use of transepithelial CXL today.

High-Fluency Collagen Crosslinking In a long-term ran-
domized contralateral eye comparative study by
Kanellopoulos,121 CXL using 7 mW/cm2 irradiation for
15 minutes had a similar efficacy to 30 minutes of stan-
dard 3 mW/cm2 treatment. In both groups, postopera-
tive clinical outcomes such as UDVA, CDVA,
maximum K, and SE were similar after a follow-up of
46months. If these results are replicated in other random-
ized studies, it would be a major advantage to patients
who currently have to have a longer, more cumbersome
conventional CXL procedure.
Pellucid Marginal Degeneration
Two isolated reports demonstrate the efficacy of
CXL in improving the CDVA,122 keratometric astig-
matism,122 and corneal biomechanical parameters
such as corneal hysteresis (CH) and corneal resis-
tance factor123 in patients with PMD. Topography-
guided PRK combined with CXL has also been re-
ported to result in improved visual, refractive, and
topographic indices 1 year after treatment.124,125

Although further studies are required to establish
the role of CXL in PMD, treatment appears to be
safe with no disease-specific adverse outcomes re-
ported to date.
Iatrogenic Ectasia
Collagen crosslinking has successfully treated iatro-
genic ectasia after LASIK and PRK. In 2005, Kohlhaas
- VOL 41, APRIL 2015



Table 3. Cohort studies of transepithelial CXL in progressive keratoconus.

Author* (Year) Eyes (n)
Mean
Age (Y)

Mean
FU (Mo)

Stabilization (Improvement)
in Kmax/Kmean (%)

Mean Change

Kmax/Kmean (D) SE (D) UDVA

Koppen60 (2012) 18 29.0 18 (d) C1.76† (d) (d)

Leccisotti61 (2010) 51 26.9 12 (d) C0.51 0.35† (d)

Filippello65 (2012) 20 27.0 18 (d) 1.17† (d) 0.23 logMAR†

Rechichi66 (2013) 28 28.8 12 (d) 0.89† 0.96† 0.25 logMAR†

Bikbova70 (2014) 22 32.1 12 (d) 2.3† (d) 0.13 logMAR

Salman115 (2013) 22 15.7 12 100 (d) 2.30† 0.30 0.27 logMAR†

Spadea119 (2012) 7 34.4 12 (d) (d) 0.32 0.21 logMAR

Buzzonetti116 (2012) 13 14.4 18 (d) 3.0† 0.40 (d)

Caporossi117 (2013) 26 22.0 24 (d) C1.55† (d) C0.05 Snellen
lines

Derakhshan118 (2011) 31 22.3 6 90 (77) 0.65† 0.55† 2.0 Snellen lines†

(d) Z data not available;C Z deterioration in parameters; CCTZ central corneal thickness; BAC Z benzalkonium chloride; CDVAZ
corrected distance visual acuity; Trans CXL Z transepithelial crossinking; EDTA Z ethylenediaminetetraacetic acid; FU Z follow-up;
Kmax Z maximum keratometry; Kmean Z mean keratometry; NA Z data not available; SE Z spherical equivalent; UDVA Z
uncorrected distance visual acuity
*First author
†Statistically significant result

850 REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
et al.126 reported the first successful treatment of a pa-
tient with post-LASIK ectasia using CXL, with stability
reported at 18 months. Later, Hafezi et al.127 reported a
series of 10 eyes with follow-up of up to 25 months in
which there was a reduction in maximum K at 12
months in all cases and a gain of more than 2 lines of
CDVAin40%of cases. These resultsmirror thoseofVin-
ciguerra et al.,128 who reported the results of CXL in 13
eyes of 9 consecutive patients with iatrogenic ectasia.
The group reported a statistically significant reduction
in mean SE as well as improved CDVA at the 6-month
timepoint. A statistically insignificant improvement in
HOAs (coma, spherical, and higher-order astigmatism)
was also observed. Salgado et al.129 also reported stabil-
ity of the ectatic process at 1 year in 22 eyes of 15patients
with post-LASIK ectasia treated with CXL.

In a prospective RCT performed by Hersh et al.,113 a
less notable reduction in maximum K and associated
improvement in CDVA was seen in iatrogenic ectasia
cases than in keratoconic eyes. This phenomenon is
poorly understood as confocal microscopy studies
have shown comparable morphologic changes after
CXL in cases of iatrogenic ectasia and keratoconus.82
J CATARACT REFRACT SURG
Theoretically, CXL in post-LASIK eyes is likely to be
less effective as CXL typically treats the anterior
300 mm of the cornea, which includes the LASIK flap.
The flap affords no biomechanical stability, leaving
200 mm or less of treatment in the residual stromal bed.
A reduced riboflavin diffusion in corneas that have
had LASIK, aswell as an intrinsic difference in the path-
ophysiology of iatrogenic ectasia and keratoconus, may
also account for the less pronounced CXL effect.130

The published reports, although few and relatively
short in terms of follow-up, provide some evidence
that CXL may arrest or even improve iatrogenic ecta-
sia, with only 1 reported case of keratectasia progres-
sion after CXL.131
Combined Treatment
Collagen Crosslinking Combined with Topography-Guided
Photorefractive Keratectomy Keratoconus There is
some rationale for the use of PRK instead of LASIK in
thinner corneas to reduce the risk for ectasia, especially
as PRK results in less corneal biomechanical destabiliza-
tion. Keratoconus with a preexisting structural
- VOL 41, APRIL 2015



Table 3. (Cont.)

Mean Change
Permanent

Complications Study Design CXL Device (Trans CXL Method)CDVA

0.05 logMAR None Prospective pre–post longitudinal cohort CBM Vega X-linker (proparacaine, BAC
0.005%)

0.03 logMAR † None Prospective pre–post longitudinal cohort
and comparative controls

CBM Vega X-Linker (Ribomicin,
oxybuprocaine, aceclidine)

0.11 logMAR† None Prospective pre–post longitudinal cohort
and comparative controls

Vega, Costruzione (Ricrolin, trometamol,
EDTA, oxybuprocaine, silicone ring)

0.05 logMAR† (d) Prospective pre–post longitudinal cohort
and comparative controls

CBM Vega X-Linker (Ricrolin, netilmicin,
oxybuprocaine, epithelial disruption)

0.05 logMAR None Prospective pre–post longitudinal cohort UFalink crosslinking & Galvanizator
iontophoresis device (riboflavin 0.1%

hypotonic solution)
0.02 logMAR None Prospective pre–post longitudinal cohort

and comparative controls
Opto X Link (Ricrolin, proparacaine)

0.03 logMAR None Prospective pre–post longitudinal cohort CBM Vega X-Linker (Ricrolin,
benoxinate)

0.09 logMAR† None Prospective pre–post longitudinal cohort CBM Vega X-Linker (trometamol, EDTA,
oxybuprocaine)

0.05 Snellen lines 19.2% retreatment
with standard CXL

Prospective pre–post longitudinal cohort CBM Vega X Linker Vega (benoxinate)

1.7 Snellen lines† (d) Prospective pre–post longitudinal
cohort (d)

(d) (0.1% riboflavin in 20% dextran)
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weakness was traditionally considered to be a contrain-
dication to any photoablative procedure. However,
with the almost 3-fold increase in the corneal rigidity
of patients treated with CXL,22 it is hypothesized that
the crosslinked corneamay be able towithstand limited
tissue ablation without an adverse biomechanical
response. Various clinical investigators have demon-
strated stability in corneas that have had a combination
of CXL and PRK, either sequentially or combined.

Kanellopoulos and Binder53 describe a case in which
a keratoconic patient who had CXL a year earlier
was treated with PRK. The cornea remained stable
for 1 year after mitomycin-C (MMC)-enhanced
topography-guided PRK. At the 18-month follow-up,
the patient retained a CDVA of 20/20 with no clinical
or topographic evidence of progression. Speculating
that increased rigidity would result in a different rate
of ablation, the authors advocate undercorrecting the
treatment to 70% to 80% of the manifest refraction.
Furthermore, the topographic ablation profile with a
compensatory superior steepening reduced the need
for a large amount of tissue removal centrally, further
improving the safety of the procedure.

Favorable results have since been reported in ker-
atoconic patients having simultaneous topography-
J CATARACT REFRACT SURG
guided PRK and CXL with an improvement in SE,
defocus equivalent, UDVA, CDVA, and maximum
K and no evidence of progression after a follow-
up period of up to 12 months.125,132,133 It appears
that visual results are superior following photother-
apeutic keratectomy removal of the corneal epithe-
lium compared with mechanical debridement,132

while a transepithelial nontopographic aspheric
astigmatic ablation profile is proposed to minimize
tissue removal and obtain a corrective effect based
on the differential epithelial profile around the
cone.133

In a prospective nonrandomized trial comparing
the effects of CXL alone and combined CXL and
PRK, Alessio et al.134 report improved UDVA, SE,
and corneal HOAs with the combined procedure,
with no evidence of progression at 24 months.

The timing of the ablation treatment and CXL as
well as the interval between the 2 procedures has
become a topic of interest. Kanellopoulos and Binder53

compared sequential versus same-day PRK in kerato-
conic patients having CXL. The sequential group had
topography-guided PRK after aminimum observation
period of 6months after the CXL procedure. The same-
day group had a CXL procedure immediately after
- VOL 41, APRIL 2015



Table 4. Intrastromal corneal ring design specifications.

Parameter Intacs Intacs SK Ferrara Ring Keraring Myoring

Design Segment Segment Segment Segment Full ring
Material PMMA PMMA PMMA &

camphorquinone
acrylic segments

PMMA &
camphorquinone
acrylic segments

PMMA

Arc length (degrees) 150 150 90, 120, 140, 160, 210 90, 120, 140, 160, 210,
355

360

Cross-section Hexagonal transverse
shape & conical

longitudinal section

Elliptical Triangular Triangular (d)

Thickness (mm) 250-450 (50
increments)

400 and 450 150–350 (50
increments)

150–350 (50
increments)

200–400 (20
increments)

Thickness base (mm) 210–450 (d) 600 600 500
Outer radius (mm) 6.77 (d) 4.40 4.40 5.0
Inner radius (mm) 8.10 6.0 5.60 5.60 (d)
Apical diameter (mm) (d) (d) 5.0–6.0 5.0–6.0 5.0–8.0
Additional (d) Diffractive effect to

minimize photic
phenomena

Prismatic effect to
minimize photic
phenomena

Prismatic effect to
minimize photic
phenomena

(d)

(d) Z data not available; C Z deterioration in parameters; PMMA Z poly(methyl methacrylate)
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MMC-enhanced topography-guided PRK. In both
groups, the ablation was adjusted to correct only
70% of the refractive error and the ablations were
less than 50 mm. The simultaneous group demon-
strated statistically superior results in CDVA, SE
reduction, maximum K reduction, and corneal haze
score at the final follow-up. No progression of ectasia
was reported in either group after a mean follow-up of
36 months.

The simultaneous approach appears to be a superior
procedure as the ablation occurs in “virgin” corneal
tissue with well-established and clinically tested abla-
tion nomograms. When a consecutive approach is
used, unpredictable refractive outcomes may be
achieved given that the ablation rate in crosslinked
corneal tissue is currently uncertain. It is also counter-
intuitive to ablate already strengthened corneal stro-
mal tissue, and it may lead to a loss of efficacy. A
further theoretical advantage of the simultaneous
approach is that the photopolymerization process
will lead to lower densities of keratocytes in the ante-
rior 300 mm of stroma compared with the sequential
technique, which may reduce the risk for post-PRK
haze. However, there have been reports of stromal
haze after the simultaneous procedure, which may
be a result of keratocyte activation following the pho-
toablative procedure.135

Iatrogenic Ectasia In the only study available to date,
Kanellopoulos and Binder43 used MMC-enhanced
topography-guided transepithelial PRK followed by
J CATARACT REFRACT SURG
CXL with hypotonic riboflavin to treat patients with
post-LASIK ectasia. The authors used an effective op-
tical zone of 5.5 mmwhile aiming to correct 70% of the
refractive error to minimize tissue ablation. They
report topographic stability in all but 2 eyes and an
improvement in UDVA in 27 of 32 cases.

There is no doubt that the combined surface ablation
and CXL procedure has provided an exciting noninva-
sive treatment option for keratoectasia as it has the
ability to offer patients functional vision and halt the
progression of the ectatic process. There is, however,
a current a lack of RCT evidence to confirm its efficacy
and U.S. Food and Drug Administration (FDA) trial
data are keenly anticipated.
Complications
Corneal CXL has become a ubiquitous treatment in
early keratoconus, with a growing perception of the
procedure as being routine. However, it is worth
remembering that there are several complications
associated with this technique and no long-term safety
outcomes are available to date.

Reported adverse effects of CXL can be broadly cate-
gorized as treatment failures in which stabilization is
not achieved as well as infectious, inflammatory, and
suboptimal healing complications leading to loss of
CDVA. Failure of treatment is usually defined as
continued progression of the disease with an increase
in maximumK readings of 1.0 D over the preoperative
value. Reports indicate that this occurs in 7.6% to 9.8%
- VOL 41, APRIL 2015
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of patients in the first year following treat-
ment.100,113,136 Topographic progression after 3 years
of stability has also been reported, suggesting that
corneal stromal remodeling may lead to loss of treat-
ment effect in some individuals.137

Koller et al.100 evaluated 117 keratoconic eyes
having conventional CXL and report a 7.6% treat-
ment failure rate and a 2.9% rate of loss of 2 or
more Snellen lines of CDVA. In that study, a preop-
erative maximum K value of 58.0 D or more was a
significant risk factor for failure, while patients older
than 35 years with a preoperative CDVA of 20/25 or
better were thought to carry a higher risk for
complications.

Some of the most common complications seen after
the CXL procedure include sterile infiltrates (7.6%)
and central stromal scars (2.8%).100 Stromal haze forma-
tion has also been described after CXL84,100 and is
thought to be due to transient corneal fibroblast gener-
ation.138 This phenomenon is most apparent at 1 month
postoperatively, plateaus for 3 months, and usually
fades 12 months after treatment.56 Permanent corneal
haze is reported to occur in 8.6% of treated eyes.139

Rarer adverse incidents following treatment
have been reported. These include bacterial, protozoal,
herpetic, and fungal keratitis140; corneal burns95;
diffuse lamellar keratitis at the interface of a LASIK
flap141; iritis; significantly elevated IOP142; and corneal
melting requiring deep lamellar keratoplasty.143

Also of concern are reports of serious complications
such as persistent corneal edema,144 endothelial dam-
age,145,146 and conjunctival intraepithelial neoplasia147

in the keratocyte-voided bed of the recipient cornea in
a patient who had DALK following CXL failure.
INTRASTROMAL CORNEAL RING SEGMENTS

Intrastromal corneal ring segments were developed
and FDA-approved in 1999 for the treatment of low
myopia, but they were quickly overshadowed by laser
refractive procedures. Interest in ICRS resurfacedwhen
Colin et al.148 reported their usefulness in treating mild
to moderate keratoconus in 2000. The concept behind
ICRS insertion in keratectasia is not to eliminate the ec-
tatic process, but to modify the corneal shape without
removing tissue or manipulating the central cornea.
The goal of this treatment is to improve spectacle-
corrected vision or contact lens tolerance, thus delaying
or eliminating the need for a corneal transplant.149 In-
trastromal corneal ring segments as a treatment option
offer the added advantage that the rings are removable
if not effective or poorly tolerated, with eyes returning
to their preoperative refractive status within 3 months
of explantation.150–152 Intrastromal corneal ring seg-
ments appear to be highly biocompatible,153 with
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confocal studies showing normal central corneal im-
ages in all layers with normal epithelial cells, subepithe-
lial nerve plexus, keratocyte scattering, and endothelial
morphology in most individuals.154,155

Intrastromal corneal ring segments act as passive
spacing elements that shorten the arc length of the
anterior corneal surface and cause displacement of
the collagen fibers, resulting in flattening of the cornea
in myopic eyes.A As a consequence of this effect, the
central portion of the anterior corneal surface tends
to flatten and the peripheral area adjacent to the ring
is displaced forward.156,157 The Barraquer thickness
law158 can roughly predict the induced change in
corneal shape after additive device implantation,
whereby the outcome achieved is directly propor-
tional to the thickness of the ICRS and inversely pro-
portional to its diameter.159–163

Although the mechanism of action of ICRS is well
documented in myopic eyes, the structural alterations
responsible for topographic homogenization of ectatic
corneas after ICRS implantation are not fully under-
stood.164 The response of the ectatic cornea to pros-
thesis implantation appears to be more complex, and
this variable response is hypothesized to be due to
the nonorthogonal lamellar architecture of these cor-
neas.165,166 The refractive results achieved with ICRS
implantation in ectatic eyes are independent of patient
age167 and are thought to be due to a reduction in
HOAs,168–170 central and peripheral corneal flattening,
anterior chamber depth shortening, and corneal apex
displacement to a more physiologic location via a
reduction in paracentral ectasia.164 Intrastromal
corneal ring segments do not appear to alter corneal
viscoelastic biomechanical properties.171,172
Design
Currently, 2 main types of ICRS devices are avail-
able commercially. Incomplete ring segments,
including Intacs (Addition Technology, Inc.) and Fer-
rara ring (Mediphacos, Inc.), have been available for
some time, while the complete intrastromal Myoring
(Dioptex GmbH) became available more recently.
The Keraring (Mediphacos Ltda.) has been specifically
developed for keratoconus patients and shares the
same design, thickness, and composition as the Ferrara
rings but includes different arc lengths for better
management of astigmatism. Intacs SK (severe kerato-
conus or steep K) was recently introduced with signif-
icant design modifications to better suit the higher
refractive errors associated with more advanced cases
of keratectasia. The modifications include a smaller in-
ner diameter of 6.0mm and an elliptical cross-sectional
design. These segments are available in 2 thickness
profiles of 400 mm (steep K value of 57.0 to 62.0 D
- VOL 41, APRIL 2015



Table 5. Cohort studies of Intacs/Intacs SK implantation in keratoconic eyes.

Author*/Device (Year) Eyes (n) FU (Mo) Surgery Incision

Mean Change

SE (D) Sphere (D)

Colin/Intacs148 (2000) 10 10 Mechanical Temporal 2.1 1.7

Kymionis154/Intacs (2007) 17 67 Mechanical Nasotemporal and
inferosuperiorly

2.52† (d)

Niknam169/Intacs SK
(2012)

37 6 Mechanical Steep/horizontal axis
implantation

(d) (d)

Sansanayudh173/Intacs SK
(2010)

10 6 Femtosecond Steep axis 3.05 (d)

Kubaloglu181/Intacs (2010) 68 12 Mechanical/Femtosecond Steep axis 1.87† 2.0†

Zare184/Intacs (2007) 30 6 Mechanical Temporal 3.7† 3.0†

Kanellopoulos185/Intacs
(2006)

20 12 Mechanical Temporal and superior to
horizontal meridian

3.4† 1.9†

Colin/Intacs187 (2006) 57 12 Mechanical Temporal 1.5† (d)

Ali�o190/Intacs (2005) 26 12 Mechanical
Group I: 1 segment
Group II: 2 segments

Temporal Group I: 3.2†

Group II: 2.25†
(d)

Ertan191/Intacs (2008) 306 10 Femtosecond Temporal 3.0† 2.9†

Boxer Wachler210/Intacs
(2003)

74 20 Mechanical Steep axis 2.4 (d)

Shetty196/Intacs (2008) 14 12 Mechanical Steep axis 5.0† 4.06†

Ali�o197/Intacs (2006) 13 48 Mechanical Perpendicular to positive
meridian

1.4 0.4

Colin198/Intacs (2007) 100 24 Mechanical Temporal 3.13† 2.47†

Levinger199/Intacs (2005) 58 12 Mechanical Temporal 2.84† 2.16†

Hellstedt200/Intacs (2005) 50 6 Mechanical Temporal 2.78 (d)

Haddad201/Intacs SK
(2012)

66 12 Femtosecond Steep axis 2.97† 3.47†

Rho202/Intacs SK (2013) 25 3 Femtosecond (d) 1.25† �1.63†

Kotb203/Intacs SK (2013) 37 6 Femtosecond Steep axis/perpendicular
to the peripheral flattening

1.8† (d)

Khan204/Intacs SK (2012) 31 12 Mechanical Steep axis 3.73† (d)
Fahd205/Intacs SK (2012) 24 6 Femtosecond (d) 6.55† (d)

Shetty206/Intacs (2009) 12 6 Mechanical Steep axis 2.98 2.23
Ertan207/Intacs (2006) 118 12 Femtosecond Temporal 3.8† 2.9†

Siganos208/Intacs (2003) 33 11 Mechanical Steep axis 1.3 (d)

Colin209/Intacs (2001) 10 12 Mechanical Temporal (d) (d)

(d)Z data not available;CZ deterioration in parameters; CDVAZ corrected distance visual acuity; FUZ follow-up; KZ keratometry;
SE Z spherical equivalent
*First author
†Statistically significant result
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Table 5. (Cont.)

Mean Change
% Gaining CDVA, Mean

Change Study Design ComplicationsCylinder (D) K (D)

1.5 4.8 (d) Prospective
nonrandomized

10.0% explanted

(d) 1.57 † 59%, (d) Retrospective 70.5% superficial
vascularization & deposits

(d) 4.48† (d), 0.79 logMAR † Prospective
nonrandomized

2.7% explantation

1.15 7.87 70%, 0.26 logMAR † Retrospective None

1.17† 3.54† 81.8%, 0.2 Snellen lines† Retrospective 4.4% decentration
5.8% extrusion

0.75† 1.94† 73.3%, 0.12 logMAR † Prospective
nonrandomized

13.3% exposure
3.3% keratitis

2.5† 2.9† (d) Prospective
nonrandomized

5.0% perforation
30.0% exposure

2.8† 3.7† 62.0%, (d) Prospective
nonrandomized

12.2% explanted

Group I: 2.4†

Group II: 2.3†
Group I: 4.6†

Group II: 5.2†
81.8% Group I, 0.22

logMAR†

86.6% Group II, 0.24
logMAR†

Prospective
nonrandomized

None

0.2 2.7† 71.6%, 0.20 logMAR† Prospective
nonrandomized

0.9% extrusion

(d) (d) 45.0%, 0.17 logMAR (d) Retrospective 1.3% superficial
implantation
1.3% extrusion

1.87† 3.98† 69.2%, 0.20 logMAR† Prospective
nonrandomized

(d)

2.0 3.3 (d) Retrospective 15.3% vascularization
30.7% channel deposits

1.31† 3.3† 68.3% , NA Prospective
nonrandomized

4.0% explantation

1.37† 3.44† 12%, 0 Retrospective 10.3% surgical adjustment
(d) 4.2 76.7%, 0.21 logMAR† Prospective

nonrandomized
8.0% explantation

14% refractive adjustment
0.99† 1.97† (d), 0.12 logMAR† Retrospective (d)

C0.76 2.21† 72%, 0.21 logMAR† Retrospective (d)
�0.44 4.1† 55%, 0.06 logMAR Prospective

nonrandomized
5.4% localized edema
5.4% overcorrection
5.4% segment overlap

0.51 6.7† (d), 0.15 logMAR† Retrospective 19.3% extrusion
1.65† (d) (d), 0.25 logMAR† Prospective

nonrandomized
None

1.50 3.69† 66.6%, 0.18 decimal† Retrospective 0.8% vascularization
25.0% deposits

1.7† 3.9† 73.7%, 1.8 Snellen lines† Retrospective 8.5% deposits
(d) 3.2† 75.7%, 0.17 logMAR (d) Prospective

nonrandomized
3.0% superficial
implantation

3.0% superficial vessels
2.7 4.6 (d), 0.16 Prospective

nonrandomized
None

855REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA

J CATARACT REFRACT SURG - VOL 41, APRIL 2015



Table 6. Cohort studies of Ferrara and Keraring implantation in keratoconic eyes.

Author*/Device (Year) Eyes (n) FU (Mo) Surgery Incision

Mean Change

SE (D) Sphere (D)

Torquetti163/Ferrara (2009) 35 60 Mechanical (d) (d) (d)
Siganos164/Ferrara (2002) 26 6 Mechanical (d) 5.8 4.69

Kubaloglu182/Keraring (2011) 96 6–18 Mechanical/femtosecond Steep axis 3.62† (d)

Haddad201/Keraring (2012) 107 12 Femtosecond Steep axis 2.65 3.74
Ferrara225/Ferrara (2012) 1073 23 Mechanical

Group I (160 arc)
Group II (210 arc)

Steep axis Group I: 1.73†

Group II: 4.38†
(d)

Alfonso226/Keraring (2013) 41 6 Femtosecond (d) (d) (d)
Shabayek238/Keraring (2007) 21 6 Femtosecond Steep axis 2.23† 0.96†

Tunc227/Keraring (2013) 30 12 Mechanical Steep axis 5.16† (d)
Alfonso228/Keraring (2012) 56 6 Femtosecond Flat axis (d) (d)
Gharaibeh229/Ferrara (2012) 55 6 Mechanical Steep axis 0.06 2.96†

Coimbra230/Keraring (2012) 35 3 Femtosecond Steep axis 2.58† (d)
Ameerh231/Ferrara (2012) 79 6 Mechanical Steep axis 3.36† 2.67†

Hamdi232/Ferrara (2011) 100 6 Mechanical (d) 1.08 (d)
Alfonso233/Keraring (2011) 219 6 Femtosecond Flat axis (d) (d)
Kubaloglu234/Keraring (2010) 100 12 Femtosecond Steep axis 2.83† 2.24†

Pesando235/Ferrara (2010) 130 37 Mechanical Steep axis 5.51 (d)

Ferrara236/Ferrara (2009) 80 6.6 Mechanical 90-degree meridian 2.96† (d)
Kwitko237/Ferrara (2004) 51 13 Mechanical Steep axis 1.53 (d)

(d)Z data not available;CZ deterioration in parameters; CDVAZ corrected distance visual acuity; FUZ follow-up; KZ keratometry;
SE Z spherical equivalent
*First author
†Statistically significant result
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and cylinder !5.0 D) and 450 mm (steep K O62.0 D
and cylinder O5.0 D).149 The smaller diameter of In-
tacs SK and its associated elliptical shape may reduce
halos and glare.173,174 The design features of these seg-
ments are summarized in Table 4.
Implantation
Two surgical methods have been described for
ICRS implantation: mechanical and femtosecond
laser assisted. The mechanical procedure is done un-
der sterile conditions. For the centration point, the
J CATARACT REFRACT SURG
surgeon has various options: the pupil center, the
geometric corneal center, or the visual axis. The deci-
sion will depend on several factors such as the angle
kappa and the surgeon’s criteria. This reference point
will determine the final position of the segment, the
location of the incision, as well as the center of intra-
stromal dissection. After the axis of incision is defined
(usually the steepest K reading), an intraoperative ul-
trasonic pachymetric measurement is recommended
before the incisions are created. With a calibrated dia-
mond knife, a 1.0 mm radial incision is made at 70%
- VOL 41, APRIL 2015



Table 6. (Cont.)

Mean Change

% Gaining CDVA, Mean Change Study Design ComplicationsCylinder (D) K (D)

(d) 5.98† 74.2%, 0.21 logMAR† Retrospective (d)
2.22 (d) (d), 0.23 logMAR† Prospective nonrandomized 7.6% superficial implants

3.8% asymmetric implants
(d) 5.01† 90.6%, 0.42 logMAR† Retrospective 58.3% deposits

1.0% extrusion
1.0% segment migration

1.0% superficial implantation
1.93 1.44 (d), 0.08 logMAR Retrospective (d)
(d) Group I: 3.46†

Group II: 3.82†
80% group I, 4.0 Snellen lines†

68.8% group II, 2.0 Snellen lines†
Retrospective 3.82% overall complication rate

(d) 1.62† 48.7%, 0.06 logMAR† Prospective nonrandomized None
2.67† 1.21† (d), 0.16 logMAR† Prospective nonrandomized 38% superficial corneal

opacification
4.7% infectious keratitis

(d) 4.95† 93.3%, 0.34 logMAR† Prospective nonrandomized None
(d) (d) 60%, 0.1 logMAR† Prospective nonrandomized None
1.05† 5.75† 87.3%, 0.21 logMAR† Retrospective 1.8% spontaneous extrusion

3.6% superficial rings
3.6% bacterial keratitis

3.92† 3.07† 82.0%, 0.15 logMAR† Retrospective None
1.32† 4.59† (d), 0.14 logMAR† Retrospective (d)
2.26† 3.05† 64.0%, (d)† Prospective nonrandomized 13% overall complication rate
(d) (d) 57.0%, 0.11 logMAR† Prospective nonrandomized None
1.33† 2.76† 85.0%, 3.0 Snellen lines† Retrospective 4.0% decentration

1.0% extrusion
1.0% shallow implantation

1.0% perforation
(d) 3.59 97.6%, 0.19 logMAR† Retrospective 3.0% explantations

3.0% asymmetric implants
0.76% perforation

(d) 5.19† 74.2%, 4 Snellen lines† Retrospective None
1.66 5.59 86.4%, (d) Retrospective 3.9% decentration

19.6% extrusion
1.9% bacterial keratitis
1.9% disciform keratitis
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of the pachymetric value. A blunt dissector is used to
create the stromal tunnels after the application of a
vacuum trephine, with dissection done in a clockwise
and counterclockwise fashion. After the vacuum
application is completed, the intrastromal segments
are implanted, the incision site is closed with a single
10-0 nylon suture, and a therapeutic contact lens is
applied.175–177

The other ICRS implantation method is the creation
of a tunnel with the assistance of the femtosecond
laser. The patient is positioned under the laser, and
J CATARACT REFRACT SURG
the globe is fixated with a disposable suction device.
The cornea is marked at the pupil center,173,178 and a
disposable glass applanation cone affixed to the laser
is lowered onto the eye to flatten the corneal surface
and create a reference plane for the laser focus and
application. The recommended settings to program
the laser are as follows: channel depth of 400 mm, inner
channel diameter of 6.6 mm, outer channel diameter of
7.4 mm, and incision length of 1.4 mm. After the chan-
nel is created, the suction device is removed and the
segments are inserted using a technique similar to
- VOL 41, APRIL 2015



Table 7. Cohort studies of Myoring implantation in keratoconic eyes.

Author* (Year) Eyes (n) FU (Mo) Surgical Procedure Incision Location

Mean Change

SE (D) Sphere (D)

Jabbarvand244 (2014) 42 12 Femtosecond
Group I, 250 mm depth
Group II, 300 mm depth

Steep axis (d) 2.82 Group I†

2.6 Group II†

Jabbarvand245 (2013) 98 12 Femtosecond Steep axis (d) 5.57†

Jabbarvand246 (2013) 95 12 Femtosecond Steep axis 7.25† 5.74†

Alio247 (2011) 12 6 Femtosecond Temporal 7.31† 5.15†

Daxer72 (2010) 15 12 Mechanical (d) 5.75† 5.23†

(d)Z data not available;CZ deterioration in parameters; CDVAZ corrected distance visual acuity; FUZ follow-up; KZ keratometry;
SE Z spherical equivalent
*First author
†Statistically significant results
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that in themechanical procedure. Incision closure after
surgery is as described above.178

Although the femtosecond laser–assisted procedure
is easier and faster170 and would theoretically create a
more uniform and accurate stromal dissection plane,
it has not resulted in superior visual/refractive
outcomes compared with the manual tech-
nique.170,179–183 In 1 study, however, the femtosecond
laser–assisted technique was superior in aberrometric
correction.180
Nomograms
The planning for ICRS insertion is a crucial step in
determining the outcome of surgery. Some earlier
studies describe uniform placement of symmetrical
or asymmetric ICRS for all patients,154 but since then
there have been several nomograms that aim to
improve the predictability of surgical intervention.
The various parameters used to improve predictability
include preoperative SE,149,184,185 the location and
morphology of the cone,163 the magnitude of associ-
ated asymmetric astigmatism,163,186,187 and preopera-
tive CDVA levels.188,189 These parameters are used to
determine the thickness of the appropriate ring
segment for a given patient.

The decision for asymmetric placement of segments
is made after evaluation of the topographic maps. The
thicker segment is usually placed to correspond to the
steeper half of the cone (predominantly inferiorly
placed) to lift the cone and produce the maximum flat-
tening effect. The thinner segment is placed in the
opposite half of the cornea to counterbalance the thick-
er segment and flatten the rest of the corneal sur-
face.190–192

Even though the majority of proposed nomograms
are based on empirical data, the results obtained are
J CATARACT REFRACT SURG
often satisfactory. To date, there has been no direct
comparison of the various nomograms demonstrating
the superiority of 1 particular technique. An inter-
esting further development in this field would be
incorporation of the biomechanical and aberrometric
characteristics of the virgin corneal tissue in nomo-
grams to further improve topographic predictability
after ring insertion.192
Single- Versus Double-Segment Implantation
While Sharma and Boxer Wachler193 reported supe-
rior postoperative results and a more physiologic
corneal surface after single-ring implantation,
others have found no significant difference between
single- and double-segment implantation.194 Larger
prospective studies of this topic are anticipated.
Incision Location
Most surgeons make a temporal incision at or just
superior to the horizontal meridian; others choose
the 12 o’clock or 1 o’clock position. Another option is
to place the incision in the axis of coma, in the positive
cylinder axis (if it is not 90 degrees from the
topographic axis), or in the steepest topographic
meridian.149,170,190,194 No comparative studies have
evaluated the role of incision location on clinical
outcomes.
Tunnel Size
No significant differences in visual outcomes have
been reported when the ICRS segment is implanted in
2 different tunnel sizes of 6.7 mm � 8.2 mm (wide)
and 6.6 mm � 7.6 mm (narrow). However, the narrow
tunnel results in higher levels of complications after 6
months of follow-up (42% versus 15%).195
- VOL 41, APRIL 2015



Table 7. (Cont.)

Mean Change

Study Design ComplicationsCylinder (D) K(D) CDVA

2.6 Group I†

2.53 Group II†
5.43 Group I†

4.96 Group II†
0.02 logMAR Group I
0.12 logMAR Group II

Prospective nonrandomized None

3.07† 6.9† 0.33 logMAR† Prospective nonrandomized 1.0% explantation
3.02† 9.78† 0.26 logMAR† Prospective nonrandomized 4% explantation
4.3† 8.03† 0.11 logMAR Retrospective 8.3% explantation; 16.6% corneal

opacities
2.23† 5.76† 0.35 logMAR Prospective nonrandomized None
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Clinical Outcomes in Keratoconus
Intacs To date, more than 20 studies have evaluated
the role of Intacs implantation in the management of
keratoconic patients (Table 5).148,154,169,173,181,184,185,187,
190,191,193,196–210 Most of these are prospective non-
randomized studies with some reporting their results
retrospectively.

The results show an impressive reduction in SE be-
tween 1.3 D and 6.5 D; almost 70% of studies report a
reduction between 2.0 D and 4.0 D. Intacs implantation
appears to effectively achieve corneal flattening,with all
studies (where data are available) reporting a reduction
in maximum K readings between 1.5 D and 7.8 D, with
more than two thirds reporting a 3.0 to 5.0 D reduction
in K readings. This improvement in corneal shape is
associated with an improvement in CDVA in 12% to
86% of treated patients. However, the visual outcomes
are variable, with the improvement in visual function
attributable to an improvement in corneal shape and a
reduction in HOAs after segment implantation.168–170

A growing body of evidence suggests that better vi-
sual acuity outcomes are to be expected in patients
with less advanced keratoconus,186 with visual out-
comes becoming more unpredictable in advanced
cases.184,191 This issue is not universally accepted as
some authors report an improvement in corneal shape
and visual function in advanced cases of ectasia191,196

and even in patients with corneal scarring.193

Restoration of contact lens tolerance is one of the
main objectives of ICRS implantation and has been
achieved in 35% to 100% of treated patients.154,197 In
a cohort of 100 patients who had Intacs implantation,
84% of the 44 patients requiring contact lens correction
after surgery were able to tolerate their lenses at the
24-month follow-up.198

Intacs insertion has been found to positively affect
vision-specific patient satisfaction in up to 87% of
J CATARACT REFRACT SURG
treated patients,199,200 a phenomenon that gradually
increases after the procedure191 and is maintained up
to 5 years after treatment.154

The impact of Intacs insertion on the thinning cen-
tral to the ectatic process has been evaluated in several
studies looking at CCT measurements after ring
segment placement. Most studies show a nonsignifi-
cant change in CCT up to 24 months after
surgery.169,183,184,187,191,198,201 These findings coupled
with the fact that long-term studies with up to 9 years
of follow-up demonstrate stability and safety (92.9% of
patients being stable after ICRS implantation in 1
study210) have led to suggestions that Intacs implanta-
tion might be considered a therapeutic option to halt
the progression of the ectatic process.211 Supplemen-
tary evidence in this domain is required, and further
studies are awaited.

Iatrogenic Ectasia Several studies have shown that In-
tacs can be an effective option in secondary corneal ec-
tasia, especially in patients with severe disease and in
those who have lost 2 or more lines of CDVA after the
development of the ectatic process.212 According to
these studies, more than 70% of post-LASIK ectatic
cases can expect an improvement in CDVA after
ICRS implantation.194 Small case series show an
improvement in visual acuity and topographic param-
eters after Intacs177,179,210,213–217 and Intacs SK implan-
tation174,218 with stability reported up to 5 years after
surgery.154 Moreover, ICRS implantation has been
shown to defer the need for corneal transplantation
and may even help halt disease progression.213

Pellucid Marginal Degeneration Intacs can also be effec-
tive in reducing corneal astigmatism and 2nd-order
aberrations andHOAs219 in contact lens–intolerant pa-
tients with early to moderate PMD.220–223 Several tech-
niques have been proposed for treating such cases by
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placing the segments to bisect the steepest part of the
cornea224 or implanting 1 segment above and 1 below
the horizontal meridian.208 It is generally advisable to
place a thinner segment in the inferior cornea to avoid
inadvertent corneal perforation.223

Ferrara and Kerarings In 1 of the first studies of the use
of Ferrara rings in keratoconic patients, Siganos
et al.164 reported a significant improvement in
UDVA, CDVA, SE, and topography in all treated pa-
tients with 6 months of follow-up. Since then, 17
studies have reported the effects of these rings in ker-
atoconic eyes (Table 6).163,164,182,201,225–238

Although most of the studies are retrospective, they
do demonstrate a significant reduction in SE of be-
tween 0.06 D and 5.8 D, with nearly 80% (where
data are available) showing a mean reduction of
more than 2.0 D. This is accompanied by a reduction
in keratometry between 2.0 D and 6.0 D in approxi-
mately 80% of studies where data are available (range
1.21 to 5.98 D). This improvement in corneal shape is
accompanied by an improvement in CDVA in all the
studies in which data are available, with 48% to 97%
of treated patients experiencing an improvement in vi-
sual function.

Overall, the studies suggest a good refractive and vi-
sual outcome, even in cases that require adjustment or
reinsertion after removal.239 The largest series to date,
which includes more than 1000 consecutive cases, also
confirms a low complication rate of less than 4%.225

This low rate of ring-related complications is attribut-
able to the “pachymetry law” in which the thickest
portion of a pair of segments in the stromal bed cannot
exceed half the thickness of the cornea. This large se-
ries also demonstrates that the 210-degree ring seg-
ments are more effective than their 160-degree
counterpart in reducing K readings and asphericity.225

There appears to be no difference in topographic
changes166 or final visual outcomes182,225,226 between
the mechanical and femtosecond methods of creating
the intrastromal channels. Furthermore, a statistically
significant reduction in HOAs in patients with high
coma aberration values (RMS greater than 3 mm)
has been reported.238 Keraring implantation has
been shown to lead to a significant reduction in
maximum elevation on both the anterior and poste-
rior corneal surfaces,166 with no significant changes
in mean CCT values postoperatively.225,227 Although
these studies support the claim of efficacy, revers-
ibility, and adjustability of the Ferrara and Kerarings
in keratoconus, no randomized studies are available
to date.

Pellucid Marginal Degeneration To date, 2 small retro-
spective case series have evaluated the effect of Kerar-
ing implantation in patients with PMD. They show
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an improvement in CDVA, SE, and keratometric
power219,234 aswell as a reduction in 2nd-order aberra-
tions and HOAs.219

There are isolated case reports of successful visual
outcomes after ICRS implantation coupled with
Artisan,240 Artiflex,240 or monofocal posterior cham-
ber intraocular lens implantation.241
Iatrogenic Ectasia Regarding ectasia after refractive
laser surgery (mainly LASIK), Torquetti and Ferrara178

report statistically significant improvements in visual
and refractive outcomes 6 months after manual im-
plantation of a single Ferrara ring segment. They also
report a significant reduction in keratometric values
and corneal asphericity.

The study by Pi~nero et al.242 shows that more
advanced cases of iatrogenic ectasia with pronounced
conical protrusion are poor candidates for ICRS im-
plantation. While the group reported a significant
improvement in visual acuity and an associated reduc-
tion in coma-like aberrations after ring implantation,
there was some regression of effect after 12 months,
suggesting that the procedure did not stop the ectatic
process. This finding is in contrast to findings in other
studies that show a stable CCT after ring
implantation.243
Myoring
Since the first implantation of theMyoring in 2008, 5
studies have evaluated its role in the management of
keratoconic eyes. The results of these studies are sum-
marized in Table 7.72,244–247

It is apparent that this device is effective in reducing
refractive error (SE reduction 5.7 to 7.3 D), flattening
the cornea (maximum K reduction 4.9 to 8.0 D), and
improving CDVA (logMAR improvement ranging be-
tween 0.02 and 0.35). The improvement in CDVA ap-
pears to be more profound than the improvement
with incomplete ring segments. This phenomenon is
thought to be because the complete continuous ring
design may induce a more powerful arc-shortening
effect for modifying the corneal curvature than
incomplete ring segment designs.245 The age of the
patient245 and the depth of ring implantation246 did
not significantly alter the clinical outcomes.

The studies also report a trend toward a reduction in
coma,244,247 an increase in CCT,245,247 and stability in
CH measurements after ring implantation.244,245,247

Although most of the reported studies are prospec-
tive, they are small with 3 reports originating from a
single center. Further studies are therefore necessary
to confirm the efficacy and long-term stability of this
new procedure.
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Pellucid Marginal Degenernation and Iatrogenic Ectasia To
date, no published studies have evaluated the role of
the Myoring in the management of these 2 disorders.
Comparison of Intrastromal Corneal Ring Segment
Options
While all ICRS studies have demonstrated good
visual and refractive outcomes, the commercially
available segments have fundamental differences in
design and various studies have evaluated whether a
particular design is more efficacious in treating
patients with keratectasia.

Intacs Versus Keraring Two retrospective studies show
that while both these ICRS models are safe and effec-
tive, the Keraring is superior in controlling astigma-
tism and improving visual outcomes.183,248 This is
probably because the smaller optical zone of the Kerar-
ing has a more profound effect on visual performance,
while the Intacs segment has been shown to induce a
significant degree of negative primary spherical aber-
ration.248 A slight nonsignificant regression of spher-
ical correction has been reported with both ICRS
designs.248

Intacs Versus Ferrara Kaya et al.249 report that both
ICRS designs result in comparable refractive, topo-
graphic, and optical quality outcomes, whereas eyes
implanted with the Ferrara segment experience a
greater pupil-dependent reduction in scotopic contrast
sensitivity.

Intacs SK Versus Keraring In the only retrospective
study available, Haddad et al.201 report a similar and
significant improvement in refractive error, kerato-
metric curvature, visual function, anterior and poste-
rior corneal elevation, and coma values with both
ring designs at the 1-year timepoint.

Although a smaller ring diameter is more effective
in controlling astigmatism, it may also lead to scat-
tering of light rays that can adversely affect visual
function. Therefore, it seems logical that an optimal
design can achieve effective control of refractive error
with minimal induction of adverse visual phenomena.
However, no prospective data endorsing the superior-
ity of 1 ring design are available to date. Prospective
randomized studies with longer follow-up are needed.
Combined Treatments
The future of complete visual rehabilitation in ecta-
sia may well lie in combined treatments dedicated to
resolving both the structural and refractive issues
seen in this patient population. The most promising
option in this arena is the combined use of ICRS,
CXL, and advanced surface ablation techniques.
J CATARACT REFRACT SURG
Collagen Crosslinking and Intrastromal Corneal Ring Seg-
ments Several studies show improved UDVA,
CDVA, refraction, and keratometry 7 to 12 months af-
ter combined treatment in keratoconic eyes.168,250–252

In a retrospective study,253 Vicente and Boxer Wachler
conclude that the patients with worse preoperative
CDVA and SE had a better postoperative gain in
CDVA after simultaneous ICRS and transepithelial
CXL. Although the synergistic effect of the 2 treat-
ments has not been universally confirmed,
Chan et al.252 report that the combined treatment
group showed a significantly greater reduction in
cylinder and maximum K than the group having
ICRS implantation alone. Çakir et al.254 could not
demonstrate superiority of combined ICRS and CXL
treatment over ICRS treatment alone.

In a prospective randomized study, Coskunseven
et al.255 show that ICRS placement followed by CXL
led to statistically superior keratometric, refractive,
and visual outcomes than CXL followed by ring im-
plantation. The authors also demonstrate the safety
of this combined approach, with no significant change
reported in pachymetry or ECCs. Furthermore, the
refractive changes after simultaneous treatment
appear to be reversible after ring explanation while
the topographic outcomes are maintained.256

It is worthwhile to note that femtosecond laser po-
wer must be modified in eyes that have had CXL to
compensate for the increase in corneal rigidity and
reduction in corneal clarity.102

Collagen crosslinking can be performed before, dur-
ing, or after ICRS implantation, but the ideal sequence
and timing of combined treatment is still uncertain.
Triple Procedure (Collagen Crosslinking, Intrastromal Corneal
Ring Segments, and Photorefractive Keratectomy) Two
small case series257,258 show the efficacy of simulta-
neous Intacs implantation with same-day PRK and
CXL, as well as sequential Intacs implantation followed
byCXL and PRK 6months later. After 6 to 12months of
follow-up, significant improvements were noted in
UDVA, CDVA, refraction, and topography in both
groups, with no eyes losing CDVA. Triple therapy
has also been shown to result in a reduction in total
aberrations,257 as well as stable pachymetry, ECCs,
and corneal viscoelastic properties.258
Sequential Intrastromal Corneal Ring Segment Im-
plantation A new technique of double ICRS implanta-
tion has been adopted by several research groups,
with 2 reports indicating successful refractive out-
comes after implantation of a Myoring259 and Kerar-
ing260 in eyes with previous Intacs implantation.
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Intrastromal Corneal Ring Segment Complications
Intacs-related intraoperative complications are very
rare and often occur as isolated events related to a sub-
optimal surgical technique. Adverse events include
superficial implantation of the segment, decentration,
implant asymmetry,148,209 and perforation into the
anterior chamber.149,261

Postoperative complications also appear to be infre-
quent262 but include microbial keratitis (1.4% of
cases),263 corneal thinning in the area over the
segment, extrusion, reduced corneal sensation, deep
neovascularization at the incision site,264,265 persistent
epithelial defects, corneal haze around the segments,
corneal melting, iritis, and uveitis.194 Other rare com-
plications such as acute corneal hydrops,266 corneal
edema,267 central stromal opacification,268 stromal ne-
crosis,269 aberrant corneal nerve regeneration,270 and
chronic pain secondary to direct contact between the
segment and corneal nerves271 have been reported.
Furthermore, histopathologic changes have been
documented after ICRS implantation, with 1 study
finding a reversible induction in keratocyte
apoptosis.272

Explantation of segments is required in approxi-
mately 6.2% of cases; it is frequently due to segment
migration.262 Adjustment of the ring segment may be
required in up to 10% of cases.273

A common occurrence after ring implantation is the
formation of finewhite deposits within the intrastromal
channels and around the segments, a phenomenon that
is almost always visually insignificant.274–276 However,
visually significant symptoms have been reported to
occur after ICRS implantation and include diplopia, ha-
los, difficulty in night vision, vision fluctuation, ocular
discomfort, and photophobia.149
CONCLUSION

Keratectasia is a debilitating condition with a
disproportionately high impact on public health
resources and vision-specific quality of life.277,278 It
seems likely that early management of keratectasia
is useful in preventing disease progression, preser-
ving visual function, as well as deferring, reducing,
and even precluding the need for corneal
transplantation.

One of the most promising treatment modalities in
the field today is CXL, which has revolutionized the
management of keratectasia in recent years by effec-
tively stabilizing the underlying ectatic process and
in some cases reversing the disease as quantified by
key topographic, refractive, and visual outcomes.
The literature suggests that the results obtained are
more convincing for keratoconus and less remarkable
in eyes with other forms of ectasia.113 This has not
J CATARACT REFRACT SURG
curbed the excitement regarding this new technology,
with some predicting that it has the potential to pre-
vent up to 50% of the corneal transplantations per-
formed in the United States.279

The efficacy of standard CXL as a means of halting
the ectatic process is backed by nearly 15 years of
laboratory and clinical studies. The procedure
appears to be safe with a reported complication
rate of 1% to 3%,280 most of which is attributable
to corneal epithelial debridement. This has led to
immense interest in the development of other inno-
vative methods of treatment such as transepithelial
crosslinking. While the effects of transepithelial
crosslinking are still not fully understood, they
appear to be less pronounced than that of “epithe-
lium-off” crosslinking. However the noninvasive na-
ture of this technique makes it potentially useful in
cases in which epithelial debridement is ideally
avoided, such as in patients with other ocular sur-
face pathology, uncooperative patients, and in pa-
tients with very thin corneas.

Although there is no lack of clinical studies in the
field of CXL, to date only a small number of RCTs
exist. It is apparent that robust evidence will only
be forthcoming from well-designed multicenter, pro-
spective, sham-controlled RCTs with standardized
case descriptions, progression definitions, outcome
measures, and sufficient follow-up to clarify the un-
certainty that surrounds the long-term effects of pho-
topolymerization. A search for trials on CXL on the
U.S. National Institutes of Health Clinical Trials data-
base shows the substantial interest in this domain,
with multiple ongoing studies of the various forms
of CXL and its synergistic use with other treatment
modalities.

One such synergistic treatment option that can be
used concurrently with CXL is ICRS implantation.
Although the evidence base for ICRS implantation
consists solely of uncontrolled longitudinal follow-
up studies, the introduction of this corneal reshaping
technique for the correction of refractive errors in ec-
tatic corneas has been a valuable and welcome event
as it is a simple outpatient-based procedure with a
high technical success rate and a complication rate
of approximately 4.6%.262 The procedure is also
reversible and adjustable and in the event of failure,
does not preclude subsequent corneal transplanta-
tion. Furthermore, multiple short-term and
medium-term studies have shown statistically signif-
icant improvements in corneal topography, refractive
error, and visual acuity after ICRS implantation.
While these ring devices are a useful alternative treat-
ment, further basic research is required to fully un-
derstand their impact on a cellular level, which will
help determine the optimal size, shape, and design
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of segments and further refine existing surgical
nomograms.

So what does the future hold? It is evident that
further progress in the field of keratectasia manage-
ment will occur only with a better understanding of
the basic pathophysiology of the disease process and
the exact biomechanical response following CXL and
ICRS implantation. Corneal hysteresis, elastography,
waveform analysis, noncontact tonometry, multi-
photon fluorescence, photon microscopy, and inverse
computational analysis studies may well lead to new
discoveries in this rapidly evolving field.

We envisage that the future norm of visual rehabil-
itation in keratectasia will lie in the field of combined
treatments aiming to correct both the biomechanical
instability of the underlying disease process and the
resultant refractive error. One such approach is the
so-called triple procedure in which ICRS implantation
is combined with sequential/simultaneous corneal
CXL and corneal reshaping using excimer laser abla-
tion. Although the triple procedure is promising,
further detailed in vitro and in vivo studies are
required to better define the potential impact of ICRS
implantation on riboflavin distribution, UVA irradi-
ance, and the potential for an altered healing response.
Further collaboration is also needed to adjust current
ablation nomograms for combined treatments to
reduce the potential for postoperative refractive sur-
prises and the need for retreatment.

We foresee that CXLwill continue to play an increas-
ingly prominent role in the management of the patient
with ectasia, as it has the capacity to prevent disease
progression and its associated visual morbidity. As
we gain more experience with this new treatment mo-
dality, the question of prophylactic treatment of all indi-
viduals at the time of diagnosis will undoubtedly arise.
The answer to this fundamental question will only be
definitively answered through a better understanding
of the procedure’s long-term safety and efficacy, not
least because our current, albeit limited, understanding
of keratocyte and collagen turnover suggests that the
stability gained after crosslinking is likely to be imper-
manent if the renewed collagen does not exhibit the
same increased tensile and resistance properties.34 If
long-term studies do show a regression of the crosslink-
ing effect, further research will have to clearly define
and clarify the efficacy and safety profile of retreatment.

Another important gap in our current understanding
which requires further investigation is whether the full
stiffening effects of the Dresden protocol is essential in
halting the ectatic process in all individuals or whether
the stiffening effect seen after newer treatments such as
transepithelial, high-fluency, or pulsed crosslinking is
sufficient to effectively prevent disease progression.
J CATARACT REFRACT SURG
Indeed, in this rapidly evolving field we may soon see
more widespread use of customized crosslinking pro-
files while topical riboflavin treatment with exposure
to natural sunlight may lead to the birth of a medical
management option in the field of keratectasia.

Finally, if the promise of the antibacterial, antienzy-
molytic, antiedematous,281 and neuroprotective prop-
erties282 of CXL, as well as its potential to be used as an
adjuvant treatment option in refractive surgery283 and
progressivemyopia,284 stand the test of time, photopo-
lymerization will undoubtedly lead to a significant
paradigm shift in the management of many other
ocular pathologies.

SUMMARY

Collagen crosslinking and ICRS implantation are
techniques that can be used as standalone treat-
ments or synergistically to strengthen and reshape
the ectatic cornea to improve visual outcomes and
possibly circumvent the need for more invasive sur-
gical interventions such as corneal transplantation.
Multiple studies report patient outcomes after these
reshaping procedures, but the optimal order, timing,
and long-term effects of the interventions remain
elusive.

Although reported adverse events are generally rare
and often reversible, we encourage strict adherence to
standardized guidelines and protocols to ensure pa-
tient safety. As always, the potential risks and benefits
of intervention must be clearly discussed with poten-
tial patients, with the ophthalmologist acting as an
enabler in the process of informed consent.

REFERENCES
1. Georgiou T, Funnell CL, Cassels-Brown A, O’Conor R. Influ-

ence of ethnic origin on the incidence of keratoconus and asso-

ciated atopic disease in Asian and white patients. Eye 2004;

18:379–383. Available at: http://www.nature.com/eye/journal/

v18/n4/pdf/6700652a.pdf. Accessed December 15, 2014

2. Rabinowitz YS. Keratoconus. Surv Ophthalmol 1998; 42:297–

319. Available at: http://www.keratoconus.com/resources/Ma-

jorCReview-Keratoconus.pdf. Accessed December 15, 2014

3. Rahi A, Davies P, Ruben M, Lobascher D, Menon J. Keratoco-

nus and coexisting atopic disease. Br J Ophthalmol 1977;

61:761–764. Available at: http://www.ncbi.nlm.nih.gov/pmc/ar-

ticles/PMC1043115/pdf/brjopthal00240-0030.pdf. Accessed

December 15, 2014

4. Li X, Rabinowitz YS, Rasheed K, Yang H. Longitudinal study of

the normal eyes in unilateral keratoconus patients. Ophthal-

mology 2004; 111:440–446

5. Cannon DJ, Foster CS. Collagen crosslinking in keratoconus.

Invest Ophthalmol Vis Sci 1978; 17:63–65. Available at: http://

www.iovs.org/cgi/reprint/17/1/63. Accessed December 15, 2014

6. Messmer EM, Meyer P, Herwig MC, Loeffler KU, Schirra F,

Seitz B, Thiel M, Reinhard T, Kampik A, Auw-Haedrich C.

Morphological and immunohistochemical changes after

corneal cross-linking. Cornea 2013; 32:111–117
- VOL 41, APRIL 2015

http://www.nature.com/eye/journal/v18/n4/pdf/6700652a.pdf
http://www.nature.com/eye/journal/v18/n4/pdf/6700652a.pdf
http://www.keratoconus.com/resources/Major+Review-Keratoconus.pdf
http://www.keratoconus.com/resources/Major+Review-Keratoconus.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1043115/pdf/brjopthal00240-0030.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1043115/pdf/brjopthal00240-0030.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref4
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref4
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref4
http://www.iovs.org/cgi/reprint/17/1/63
http://www.iovs.org/cgi/reprint/17/1/63
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref6
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref6
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref6
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref6


864 REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
7. McMahon TT, Edrington TB, Szczotka-Flynn L, Olafsson HE,

Davis LJ, SchechtmanKB, and theCLEKStudyGroup. Longitu-

dinal changes in corneal curvature in keratoconus.Cornea 2006;

25:296–305. Available at: https://vrcc.wustl.edu/clekarchive/

pdf/29%20McMahon%20-%20Longitudinal%20Changes.pdf.

Accessed December 15, 2014

8. Jinabhai A, Radhakrishnan H, O’Donnell C. Pellucid corneal

marginal degeneration: a review. Cont Lens Anterior Eye

2011; 34:56–63

9. Franc‚ ois J, Hanssens M, Stockmans L. D�eg�en�erescence mar-

ginale pellucide de la corn�ee [Pellucidmarginal degeneration of

the cornea]. Ophthalmologica 1968; 155:337–356

10. Rodrigues MM, Newsome DA, Krachmer JH, Eiferman RA.

Pellucid marginal corneal degeneration: a clinicopathologic

study of two cases. Exp Eye Res 1981; 33:277–288

11. Amoils SP, Deist MB, Gous P, Amoils PM. Iatrogenic keratec-

tasia after laser in situ keratomileusis for less than �4.0 to

�7.0 diopters of myopia. J Cataract Refract Surg 2000;

26:967–977

12. Randleman JB, Stulting RD. Ectasia after photorefractive ker-

atectomy [letter]. Ophthalmology 2007; 114:396; reply by J

Coullet, F Malecaze, 396–397

13. Malecaze F, Coullet J, Calvas P, Fourni�e P, Arn�e J-L,

Brodaty C. Corneal ectasia after photorefractive keratectomy

for low myopia. Ophthalmology 2006; 113:742–746

14. Randleman JB, Russell B, Ward MA, Thompson KP,

Stulting RD. Risk factors and prognosis for corneal ectasia af-

ter LASIK. Ophthalmology 2003; 110:267–275

15. Leccisotti A. Corneal ectasia after photorefractive keratec-

tomy. Graefes Arch Clin Exp Ophthalmol 2007; 245:869–875

16. Wagner H, Barr JT, Zadnik K; the Collaborative Longitudinal

Evaluation of Keratoconus (CLEK) Study Group. Collaborative

Longitudinal Evaluation of Keratoconus (CLEK) Study: methods

and findings to date. Cont Lens Anterior Eye 2007; 30:223–232

17. Gordon MO, Steger-May K, Szczotka-Flynn L, Riley C,

Joslin CE, Weissman BA, Fink BA, Edrington TB,

Olafsson HE, Zadnik K, and the CLEK Study Group. Baseline

factors predictive of incident penetrating keratoplasty in kerato-

conus. Am J Ophthalmol 2006; 142:923–930

18. Kennedy RH, Bourne WM, Dyer JA. A 48-year clinical and

epidemiologic study of keratoconus. Am J Ophthalmol 1986;

101:267–273

19. Rebenitsch RL, Kymes SM, Walline JJ, Gordon MA. The life-

time economic burden of keratoconus: a decision analysis us-

ing a Markov model. Am J Ophthalmol 2011; 151:768–773

20. Weed KH, MacEwen CJ, McGhee CNJ. The Dundee University

Scottish KeratoconusStudy II: a prospective study of optical and

surgical correction. Ophthalmic Physiol Opt 2007; 27:561–567

21. Kelly T-L, Williams KA, Coster DJ. Corneal transplantation

for keratoconus; a registry study. Arch Ophthalmol 2011;

129:691–697. Available at: http://archopht.jamanetwork.com/

data/Journals/OPHTH/10243/ecs05112_691_697.pdf. Ac-

cessed December 15, 2014

22. Wollensak G. Crosslinking treatment of progressive keratoco-

nus: new hope. Curr Opin Ophthalmol 2006; 17:356–360

23. McCall AS, Kraft S, Edelhauser HF, Kidder GW, Lundquist RR,

Bradshaw HE, Dedeic Z, Dionne MJC, Clement EM,

Conrad GW. Mechanisms of corneal tissue cross-linking in

response to treatment with topical riboflavin and long-

wavelength ultraviolet radiation (UVA). Invest Ophthalmol Vis

Sci 2010; 51:129–138. Available at: http://www.iovs.org/

content/51/1/129.full.pdf. Accessed December 15, 2014

24. KamaevP, FriedmanMD, Sherr E, Muller D. Photochemical ki-

netics of corneal cross-linking with riboflavin. Invest Ophthal-

mol Vis Sci 2012; 53:2360–2367. Available at: http://www.
J CATARACT REFRACT SURG
iovs.org/content/53/4/2360.full.pdf. Accessed December 15,

2014

25. Kohlhaas M, Spoerl E, Schilde T, Unger G, Wittig C,

Pillunat LE. Biomechanical evidence of the distribution of

cross-links in corneas treated with riboflavin and ultraviolet A

light. J Cataract Refract Surg 2006; 32:279–283

26. Spoerl E, Wollensak G, Dittert D-D, Seiler T. Thermomechan-

ical behavior of collagen-cross-linked porcine cornea. Ophthal-

mologica 2004; 218:136–140

27. Wollensak G, Iomdina E. Long-term biomechanical properties

of rabbit cornea after photodynamic collagen crosslinking. Acta

Ophthalmol 2009; 87:48–51. Available at: http://onlinelibrary.

wiley.com/doi/10.1111/j.1755-3768.2008.01190.x/pdf. Ac-

cessed December 15, 2014

28. Wollensak G, Spoerl E, Seiler T. Stress-strain measurements

of human and porcine corneas after riboflavin–ultraviolet-A-

induced cross-linking. J Cataract Refract Surg 2003;

29:1780–1785

29. WollensakG,WilschM, Spoerl E, Seiler T. Collagen fiber diam-

eter in the rabbit cornea after collagen crosslinking by ribo-

flavin/UVA. Cornea 2004; 23:503–507

30. Spoerl E,WollensakG, Seiler T. Increased resistance of cross-

linked cornea against enzymatic digestion. Curr Eye Res 2004;

29:35–40

31. RaiskupF, Spoerl E. Corneal crosslinkingwith riboflavin and ul-

traviolet A. I. Principles. Ocul Surf 2013; 11:65–74

32. Wollensak G, Spoerl E, Reber F, Seiler T. Keratocyte cytotox-

icity of riboflavin/UVA-treatment in vitro. Eye 2004; 18:718–

722. Available at: http://www.nature.com/eye/journal/v18/n7/

pdf/6700751a.pdf. Accessed December 15, 2014

33. Wollensak G, Spoerl E, Wilsch M, Seiler T. Keratocyte

apoptosis after corneal collagen cross-linking using riboflavin/

UVA treatment. Cornea 2004; 23:43–49

34. Wollensak G, Spoerl E, Seiler T. Riboflavin/ultraviolet–a-

induced collagen crosslinking for the treatment of keratoconus.

Am J Ophthalmol 2003; 135:620–627

35. Zhang Z-Y, Zhang X-R. Prevention of ectasia for laser in situ

keratomileusis with simultaneous corneal crosslinking [letter].

J Cataract Refract Surg 2012; 38:2206–2207; reply by U

Celik, A Demirok, OF Yılmaz, D Muller, 2207–2208

36. Richoz O, Mavrakanas N, Pajic B, Hafezi F. Corneal collagen

cross-linking for ectasia after LASIK and photorefractive kera-

tectomy; long-term results. Ophthalmology 2013; 120:1354–

1359

37. Mackool RJ. Crosslinking for iatrogenic keratectasia after LA-

SIK and for keratoconus [letter]. J Cataract Refract Surg

2008; 34:879; reply by F Hafezi, T Seiler, 879

38. Mazzotta C, Baiocchi S, Denaro R, Tosi GM, Caporossi T.

Corneal collagen cross-linking to stop corneal ectasia exacer-

bated by radial keratotomy. Cornea 2011; 30:225–228

39. Ferreira TB, Marques EF, Filipe HP. Combined corneal

collagen crosslinking and secondary intraocular lens implanta-

tion for keratectasia after radial keratotomy. J Cataract Refract

Surg 2014; 40:143–147

40. Coskunseven E, Jankov MR II, Hafezi F. Contralateral eye

study of corneal collagen cross-linking with riboflavin and

UVA irradiation in patients with keratoconus. J Refract Surg

2009; 25:371–376

41. Kamburoglu G, Ertan A. Intacs implantation with sequential

collagen cross-linking treatment in postoperative LASIK ecta-

sia. J Refract Surg 2008; 24:S726–S729

42. Kanellopoulos AJ. Comparison of sequential vs same-day

simultaneous collagen cross-linking and topography-guided

PRK for treatment of keratoconus. J Refract Surg 2009;

25:S812–S818
- VOL 41, APRIL 2015

https://vrcc.wustl.edu/clekarchive/pdf/29%20McMahon%20-%20Longitudinal%20Changes.pdf
https://vrcc.wustl.edu/clekarchive/pdf/29%20McMahon%20-%20Longitudinal%20Changes.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref8
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref8
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref8
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref9
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref9
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref9
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref9
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref9
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref9
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref9
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref9
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref10
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref10
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref10
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref11
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref11
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref11
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref11
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref11
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref12
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref12
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref12
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref13
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref13
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref13
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref13
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref13
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref14
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref14
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref14
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref15
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref15
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref16
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref16
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref16
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref16
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref17
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref17
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref17
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref17
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref17
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref18
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref18
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref18
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref19
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref19
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref19
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref20
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref20
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref20
http://archopht.jamanetwork.com/data/Journals/OPHTH/10243/ecs05112_691_697.pdf
http://archopht.jamanetwork.com/data/Journals/OPHTH/10243/ecs05112_691_697.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref22
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref22
http://www.iovs.org/content/51/1/129.full.pdf
http://www.iovs.org/content/51/1/129.full.pdf
http://www.iovs.org/content/53/4/2360.full.pdf
http://www.iovs.org/content/53/4/2360.full.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref25
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref25
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref25
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref25
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref26
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref26
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref26
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-3768.2008.01190.x/pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-3768.2008.01190.x/pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref28
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref28
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref28
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref28
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref29
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref29
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref29
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref30
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref30
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref30
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref31
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref31
http://www.nature.com/eye/journal/v18/n7/pdf/6700751a.pdf
http://www.nature.com/eye/journal/v18/n7/pdf/6700751a.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref33
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref33
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref33
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref34
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref34
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref34
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref35
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref35
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref35
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref35
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref35
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref36
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref36
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref36
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref36
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref37
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref37
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref37
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref38
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref38
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref38
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref39
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref39
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref39
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref39
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref40
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref40
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref40
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref40
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref41
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref41
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref41
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref42
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref42
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref42
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref42


865REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
43. Kanellopoulos AJ, Binder PS. Management of corneal ecta-

sia after LASIK with combined, same-day, topography-

guided partial transepithelial PRK and collagen cross-

linking: the Athens protocol. J Refract Surg 2011; 27:

323–331

44. Wollensak G, Aurich H, Pham D-T, Wirbelauer C. Hy-

dration behavior of porcine cornea crosslinked with ribo-

flavin and ultraviolet A. J Cataract Refract Surg 2007;

33:516–521

45. Wollensak G, Aurich H,Wirbelauer C, PhamD-T. Potential use

of riboflavin/UVA cross-linking in bullous keratopathy.

Ophthalmic Res 2009; 41:114–117

46. Sharma N, Roy S, Maharana PK, Sehra SV, Sinha R,

Tandon R, Titiyal JS, Vajpayee RB. Outcomes of corneal

collagen crosslinking in pseudophakic bullous keratopathy.

Cornea 2014; 33:243–246

47. Vazirani J, Vaddavalli PK. Cross-linking for microbial keratitis.

Indian J Ophthalmol 2013; 61:441–444. Available at: http://

www.ncbi.nlm.nih.gov/pmc/articles/PMC3775084/?reportZ
printable. Accessed December 15, 2014

48. Spoerl E, Hoyer A, Pillunat LE, Raiskup F. Corneal cross-

linking and safety issues. Open Ophthalmol J 2011; 5:14–16.

Available at: http://www.ncbi.nlm.nih.gov/pmc/articles/

PMC3052642/pdf/TOOPHTJ-5-14.pdf. Accessed December

15, 2014

49. Richoz O, Hammer A, Tabibian D, Gatzioufas Z, Hafezi F. The

biomechanical effect of corneal collagen cross-linking (CXL)

with riboflavin and UV-A is oxygen dependent. Transl Vis Sci

Technol 2013; 2(7):6. Available at: http://www.ncbi.nlm.nih.

gov/pmc/articles/PMC3860351/pdf/i2164-2591-2-7-6.pdf. Ac-

cessed December 15, 2014

50. Beshtawi IM, Akhtar R, Hillarby MC, O’Donnell C, Zhao X,

Brahma A, Carley F, Derby B, Radhakrishnan H. Biomechan-

ical properties of human corneas following low- and high-

intensity collagen cross-linking determined with scanning

acoustic microscopy. Invest Ophthalmol Vis Sci 2013;

54:5273–5280. Available at: http://www.iovs.org/content/54/

8/5273.full.pdf. Accessed December 15, 2014

51. Gatzioufas Z, Richoz O, Brugnoli E, Hafezi F. Safety profile of

high-fluence corneal collagen cross-linking for progressive ker-

atoconus: preliminary results from a prospective cohort study.

J Refract Surg 2013; 29:846–848

52. Cing€u AK, Sogutlu-Sari E, C‚ ınar Y, S‚ ahin M, T€urkc‚ €u FM,

Y€uksel H, S‚ ahin A, C‚ ac‚ a _I. Transient corneal endothelial

changes following accelerated collagen cross-linking for the

treatment of progressive keratoconus. Cutan Ocul Toxicol

2014; 33:127–131

53. Kanellopoulos AJ, Binder PS. Collagen cross-linking (CCL)

with sequential topography-guidedPRK; a temporizing alterna-

tive for keratoconus to penetrating keratoplasty. Cornea 2007;

26:891–895

54. Baiocchi S, Mazzotta C, Cerretani D, Caporossi T,

Caporossi A. Corneal crosslinking: Riboflavin concentration

in corneal stroma exposed with and without epithelium.

J Cataract Refract Surg 2009; 35:893–899

55. Meek KM, Hayes S. Corneal cross-linking – a review.

Ophthalmic Physiol Opt 2013; 33:78–93. Available at: http://

onlinelibrary.wiley.com/doi/10.1111/opo.12032/pdf. Accessed

December 15, 2014

56. Greenstein SA, Fry KL, Bhatt J, Hersh PS. Natural history of

corneal haze after collagen crosslinking for keratoconus and

corneal ectasia: Scheimpflug and biomicroscopic analysis.

J Cataract Refract Surg 2010; 36:2105–2114

57. Hayes S, O’Brart DP, Lamdin LS, Doutch J, Samaras K,

Marshall J,MeekKM. Effect of complete epithelial debridement
J CATARACT REFRACT SURG
before riboflavin–ultraviolet-A corneal collagen crosslinking

therapy. J Cataract Refract Surg 2008; 34:657–661

58. Bott�os KM, Dreyfuss JL, Regatieri CVS, Lima-Filho AAS,

Schor P, Nader HB, Chamon W. Immunofluorescence

confocal microscopy of porcine corneas following collagen

cross-linking treatment with riboflavin and ultraviolet A.

J Refract Surg 2008; 24:S715–S719

59. Podskochy A. Protective role of corneal epithelium against ultra-

violet radiation damage. Acta Ophthalmol Scand 2004; 82:714–

717. Available at: http://onlinelibrary.wiley.com/doi/10.1111/j.

1600-0420.2004.00369.x/pdf. Accessed December 15, 2014

60. KoppenC,WoutersK,MathysenD,Rozema J, TassignonM-J.

Refractive and topographic results of benzalkonium chloride-

assisted transepithelial crosslinking. J Cataract Refract Surg

2012; 38:1000–1005

61. Leccisotti A, Islam T. Transepithelial corneal collagen cross-

linking in keratoconus. J Refract Surg 2010; 26:942–948

62. Wollensak G, Iomdina E. Biomechanical and histological

changes after corneal crosslinking with and without epithelial

debridement. J Cataract Refract Surg 2009; 35:540–546

63. Mencucci R, Paladini I, Sarchielli E, Favuzza E, Vannelli GB,

Marini M. Transepithelial riboflavin/ultraviolet A. Corneal

cross-linking in keratoconus: morphologic studies on human

corneas. Am J Ophthalmol 2013; 156:874–884

64. Caporossi A, Mazzotta C, Baiocchi S, Caporossi T,

Paradiso AL. Transepithelial corneal collagen crosslinking for

keratoconus: qualitative investigation by in vivoHRT II confocal

analysis. Eur J Ophthalmol 2012; 22(suppl 7):S81–S88

65. Filippello M, Stagni E, O’Brart D. Transepithelial corneal

collagen crosslinking: Bilateral study. J Cataract Refract Surg

2012; 38:283–291; erratum, 1515

66. RechichiM, Daya S, Scorcia V,Meduri A, ScorciaG. Epithelial-

disruption collagen crosslinking for keratoconus: one-year re-

sults. J Cataract Refract Surg 2013; 39:1171–1178

67. Mazzotta C, Balestrazzi A, Traversi C, Baiocchi S,

Caporossi T, Tommasi C, Caporossi A. Treatment of progres-

sive keratoconus by riboflavin-UVA–induced cross-linking of

corneal collagen; ultrastructural analysis by Heidelberg Retinal

Tomograph II in vivo confocal microscopy in humans. Cornea

2007; 26:390–397

68. Doors M, Tahzib NG, Eggink FA, Berendschot TTJM,

Webers CAB, Nuijts RMMA. Use of anterior segment optical

coherence tomography to study corneal changes after collagen

cross-linking. Am J Ophthalmol 2009; 148:844–851

69. Mastropasqua L, Nubile M, Calienno R, Mattei PA, Pedrotti E,

Salgari N, Mastropasqua R, Lanzini M. Corneal cross-linking:

intrastromal riboflavin concentration in iontophoresis-assisted

imbibition versus traditional and transepithelial techniques.

Am J Ophthalmol 2014; 157:623–630

70. Bikbova G, Bikbov M. Transepithelial corneal collagen cross-

linking by iontophoresis of riboflavin. Acta Ophthalmol 2014;

92:e30–e34. Available at: http://onlinelibrary.wiley.com/doi/

10.1111/aos.12235/pdf. Accessed December 15, 2014

71. Samaras K, O’Brart DP, Doutch J, Hayes S, Marshall J,

Meek KM. Effect of epithelial retention and removal on ribo-

flavin absorption in porcine corneas. J Refract Surg 2009;

25:771–775

72. Daxer A, Mahmoud HA, Venkateswaran RS. Corneal cross

linking and visual rehabilitation in keratoconus in one session

without epithelial debridement: new technique. Cornea 2010;

29:1176–1179

73. Kanellopoulos AJ. Collagen cross-linking in early kerato-

conus with riboflavin in a femtosecond laser-created

pocket: initial clinical results. J Refract Surg 2009;

25:1034–1037
- VOL 41, APRIL 2015

http://refhub.elsevier.com/S0886-3350(15)00221-7/sref43
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref43
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref43
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref43
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref43
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref44
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref44
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref44
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref44
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref45
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref45
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref45
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref46
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref46
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref46
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref46
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3775084/?report=printable
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3775084/?report=printable
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3775084/?report=printable
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3052642/pdf/TOOPHTJ-5-14.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3052642/pdf/TOOPHTJ-5-14.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3860351/pdf/i2164-2591-2-7-6.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3860351/pdf/i2164-2591-2-7-6.pdf
http://www.iovs.org/content/54/8/5273.full.pdf
http://www.iovs.org/content/54/8/5273.full.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref51
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref51
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref51
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref51
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref52
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref53
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref53
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref53
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref53
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref54
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref54
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref54
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref54
http://onlinelibrary.wiley.com/doi/10.1111/opo.12032/pdf
http://onlinelibrary.wiley.com/doi/10.1111/opo.12032/pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref56
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref56
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref56
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref56
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref57
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref57
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref57
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref57
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref58
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref58
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref58
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref58
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref58
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref58
http://onlinelibrary.wiley.com/doi/10.1111/j.1600-0420.2004.00369.x/pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1600-0420.2004.00369.x/pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref60
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref60
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref60
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref60
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref61
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref61
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref62
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref62
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref62
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref63
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref63
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref63
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref63
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref64
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref64
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref64
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref64
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref65
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref65
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref65
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref66
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref66
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref66
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref67
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref67
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref67
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref67
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref67
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref67
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref68
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref68
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref68
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref68
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref69
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref69
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref69
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref69
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref69
http://onlinelibrary.wiley.com/doi/10.1111/aos.12235/pdf
http://onlinelibrary.wiley.com/doi/10.1111/aos.12235/pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref71
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref71
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref71
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref71
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref72
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref72
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref72
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref72
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref73
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref73
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref73
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref73


866 REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
74. Dong Z, Zhou X. Collagen cross-linking with riboflavin in a

femtosecond laser–created pocket in rabbit corneas: 6-month

results. Am J Ophthalmol 2011; 152:22–27

75. Malhotra C, Shetty R, Kumar RS, Veluri H, Nagaraj H,

Shetty KB. In vivo imaging of riboflavin penetration during

collagen cross-linking with hand-held spectral domain optical

coherence tomography. J Refract Surg 2012; 28:776–780

76. Kymionis GD, Diakonis VF, Coskunseven E, Jankov M,

Yoo SH, Pallikaris IG. Customized pachymetric guided epithe-

lial debridement for corneal collagen cross linking. BMC Oph-

thalmol 2009; 9:10. Available at: http://www.biomedcentral.

com/content/pdf/1471-2415-9-10.pdf. Accessed December

15, 2014

77. Hafezi F, Mrochen M, Iseli HP, Seiler T. Collagen crosslinking

with ultraviolet-A and hypoosmolar riboflavin solution in thin

corneas. J Cataract Refract Surg 2009; 35:621–624

78. Seiler T, Hafezi F. Corneal cross-linking-induced stromal

demarcation line. Cornea 2006; 25:1057–1059

79. Croxatto JO, Tytiun AE, Argento CJ. Sequential in vivo

confocal microscopy study of corneal wound healing after

cross-linking in patients with keratoconus. J Refract Surg

2010; 26:638–645

80. Wollensak G. Histological changes in human cornea after

cross-linking with riboflavin and ultraviolet A [letter]. Acta Oph-

thalmol 2010; 88(2):e17–e18. Available at: http://onlinelibrary.

wiley.com/doi/10.1111/j.1755-3768.2008.01474.x/pdf. Ac-

cessed December 15, 2014

81. da Candelaria Renesto A, de Nadai Barros J, Campos M.

Impression cytologic analysis after corneal collagen cross-

linking using riboflavin and ultraviolet-A light in the treatment

of keratoconus. Cornea 2010; 29:1139–1144

82. Kymionis GD, Diakonis VF, Kalyvianaki M, Portaliou D,

Siganos C, Kozobolis VP, Pallikaris AI. One-year follow-up of

corneal confocal microscopy after corneal cross-linking in pa-

tients with post laser in situ keratomileusis ectasia and kerato-

conus. Am J Ophthalmol 2009; 147:774–778

83. Mazzotta C, Caporossi T, Denaro R, Bovone C, Sparano C,

Paradiso A, Baiocchi S, Caporossi A. Morphological and func-

tional correlations in riboflavin UV A corneal collagen cross-

linking for keratoconus. Acta Ophthalmol 2012; 90:259–265.

Available at: http://onlinelibrary.wiley.com/doi/10.1111/j.1755-

3768.2010.01890.x/pdf. Accessed December 15, 2014

84. Mazzotta C, Traversi C, Baiocchi S, Sergio P, Caporossi T,

Caporossi A. Conservative treatment of keratoconus by

riboflavin-UVA-induced cross-linking of corneal collagen: qual-

itative investigation of corneal epithelium and subepithelial

nerve plexus regeneration by in vivo HRT II system confocal

microscopy in humans. Eur J Ophthalmol 2006; 16:530–535.

Available at: http://medlib.yu.ac.kr/eur_j_oph/ejo_pdf/2006_

16_530-535.pdf. Accessed December 15, 2014

85. Ivarsen A, Hjortdal J. Collagen cross-linking for advanced pro-

gressive keratoconus. Cornea 2013; 32:903–906

86. Legare ME, Iovieno A, Yeung SN, Kim P, Lichtinger A,

Hollands S, Slomovic AR, Rootman DS. Corneal collagen

cross-linking using riboflavin and ultraviolet A for the treatment

of mild to moderate keratoconus: 2-year follow-up. Can J Oph-

thalmol 2013; 48:63–68

87. Poli M, Cornut P-L, Balmitgere T, Aptel F, Janin H, Burillon C.

Prospective study of corneal collagen cross-linking efficacy

and tolerance in the treatment of keratoconus and corneal ec-

tasia: 3-year results. Cornea 2013; 32:583–590

88. Hashemi H, Seyedian MA, Miraftab M, Fotouhi A, Asgari S.

Corneal collagen cross-linking with riboflavin and ultraviolet A

irradiation for keratoconus; long-term results. Ophthalmology

2013; 120:1515–1520
J CATARACT REFRACT SURG
89. O’Brart DPS, Kwong TQ, Patel P, McDonald RJ, O’Brart NA.

Long-term follow-up of riboflavin/ultraviolet A (370 nm) corneal

collagen cross-linking to halt the progression of keratoconus.

Br J Ophthalmol 2013; 97:433–437. Available at: http://bjo.bmj.

com/content/97/4/433.full.pdf. Accessed December 15, 2014

90. Guber I, Guber J, Kaufmann C, Bachmann LM, Thiel MA. Vi-

sual recovery after corneal crosslinking for keratoconus: a 1-

year follow-up study. Graefes Arch Clin Exp Ophthalmol

2013; 251:803–807

91. Viswanathan D, Males J. Prospective longitudinal study of

corneal collagen cross-linking in progressive keratoconus.

Clin Exp Ophthalmol 2013; 41:531–536

92. Goldich Y,Marcovich AL, BarkanaY, Avni I, ZadokD. Safety of

corneal collagen cross-linking with UV-A and riboflavin in pro-

gressive keratoconus. Cornea 2010; 29:409–411

93. Koller T, Pajic B, Vinciguerra P, Seiler T. Flattening of the

cornea after collagen crosslinking for keratoconus. J Cataract

Refract Surg 2011; 37:1488–1492

94. Henriquez MA, Izquierdo L Jr, Bernilla C, Zakrzewski PA,

Mannis M. Riboflavin/Ultraviolet A corneal collagen cross-

linking for the treatment of keratoconus: visual outcomes and

Scheimpflug analysis. Cornea 2011; 30:281–286

95. Asri D, Touboul D, Fourni�e P, Malet F, Garra C, Gallois A,

Malecaze F, Colin J. Corneal collagen crosslinking in progres-

sive keratoconus: Multicenter results from the French National

Reference Center for Keratoconus. J Cataract Refract Surg

2011; 37:2137–2143

96. Caporossi A, Mazzotta C, Baiocchi S, Caporossi T. Long-term

results of riboflavin ultraviolet A corneal collagen cross-linking

for keratoconus in Italy: the Siena Eye Cross Study. Am JOph-

thalmol 2010; 149:585–593

97. Saffarian L, Khakshoor H, Zarei-Ghanavati M, Esmaily H.

Corneal crosslinking for keratoconus in Iranian patients: out-

comes at 1 year following treatment. Middle East Afr J Ophthal-

mol 2010; 17:365–368. Available at: http://www.ncbi.nlm.nih.

gov/pmc/articles/PMC2991457/?reportZprintable. Accessed

December 15, 2014

98. Grewal DS, Brar GS, Jain R, Sood V, Singla M,

Grewal SPS. Corneal collagen crosslinking using riboflavin

and ultraviolet-A light for keratoconus; one-year analysis

using Scheimpflug imaging. J Cataract Refract Surg 2009;

35:425–432

99. Vinciguerra P, Alb�e E, Trazza S, Seiler T, Epstein D. Intraoper-

ative and postoperative effects of corneal collagen cross-

linking on progressive keratoconus. Arch Ophthalmol 2009;

127:1258–1265. Available at: http://archopht.jamanetwork.

com/data/Journals/OPHTH/10122/ecs90035_1258_1265.pdf.

Accessed December 15, 2015

100. Koller T, Mrochen M, Seiler T. Complication and failure rates

after corneal crosslinking. J Cataract Refract Surg 2009;

35:1358–1362

101. Arbelaez MC, Sekito MB, Vidal C, Choudhury SR. Collagen

cross-linking with riboflavin and ultraviolet-A light in keratoco-

nus: one-year results. Oman J Ophthalmol 2009; 2:33–38.

Available at: http://www.ncbi.nlm.nih.gov/pmc/articles/

PMC3018104/. Accessed December 15, 2014

102. El-Raggal TM. Effect of corneal collagen crosslinking on femto-

second laser channel creation for intrastromal corneal ring

segment implantation in keratoconus. J Cataract refract Surg

2011; 37:701–705

103. Agrawal VB. Corneal collagen cross-linking with riboflavin and

ultraviolet-A light for keratoconus: results in Indian eyes. Indian

J Ophthalmol 2009; 57:111–114. Available at: http://www.ncbi.

nlm.nih.gov/pmc/articles/PMC2684426/. Accessed December

15, 2014
- VOL 41, APRIL 2015

http://refhub.elsevier.com/S0886-3350(15)00221-7/sref74
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref74
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref74
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref75
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref75
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref75
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref75
http://www.biomedcentral.com/content/pdf/1471-2415-9-10.pdf
http://www.biomedcentral.com/content/pdf/1471-2415-9-10.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref77
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref77
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref77
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref78
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref78
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref79
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref79
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref79
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref79
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-3768.2008.01474.x/pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-3768.2008.01474.x/pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref81
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref81
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref81
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref81
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref82
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref82
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref82
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref82
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref82
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-3768.2010.01890.x/pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-3768.2010.01890.x/pdf
http://medlib.yu.ac.kr/eur_j_oph/ejo_pdf/2006_16_530-535.pdf
http://medlib.yu.ac.kr/eur_j_oph/ejo_pdf/2006_16_530-535.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref85
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref85
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref86
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref86
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref86
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref86
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref86
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref87
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref87
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref87
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref87
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref88
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref88
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref88
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref88
http://bjo.bmj.com/content/97/4/433.full.pdf
http://bjo.bmj.com/content/97/4/433.full.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref90
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref90
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref90
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref90
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref91
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref91
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref91
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref92
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref92
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref92
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref93
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref93
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref93
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref94
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref94
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref94
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref94
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref95
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref95
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref95
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref95
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref95
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref95
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref96
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref96
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref96
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref96
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2991457/?report=printable
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2991457/?report=printable
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref98
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref98
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref98
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref98
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref98
http://archopht.jamanetwork.com/data/Journals/OPHTH/10122/ecs90035_1258_1265.pdf
http://archopht.jamanetwork.com/data/Journals/OPHTH/10122/ecs90035_1258_1265.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref100
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref100
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref100
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3018104/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3018104/
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref102
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref102
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref102
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref102
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2684426/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2684426/


867REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
104. Raiskup-Wolf F, Hoyer A, Spoerl E, Pillunat LE. Collagen

crosslinking with riboflavin and ultraviolet-A light in keratoco-

nus: long-term results. J Cataract Refract Surg 2008;

34:796–801

105. Caporossi A, Baiocchi S, Mazzotta C, Traversi C, Caporossi T.

Parasurgical therapy for keratoconus by riboflavin-ultraviolet

type A rays induced cross-linking of corneal collagen; prelimi-

nary refractive results in an Italian study. J Cataract Refract

Surg 2006; 32:837–845

106. Maeda N, Fujikado T, Kuroda T, Mihashi T, Hirohara Y,

Nishida K, Watanabe H, Tano Y. Wavefront aberrations

measuredwith Hartmann-Shack sensor in patientswith kerato-

conus. Ophthalmology 2002; 109:1996–2003

107. Ali�o JL, Shabayek MH. Corneal higher order aberrations: a

method to grade keratoconus. J Refract Surg 2006;

22:539–545

108. Greenstein SA, Shah VP, Fry KL, Hersh PS. Corneal thickness

changes after corneal collagen crosslinking for keratoconus

and corneal ectasia: one-year results. J Cataract Refract

Surg 2011; 37:691–700

109. Guti�errez R, Lopez I, Villa-Collar C, Gonz�alez-M�eijome JM.

Corneal transparency after cross-linking for keratoconus: 1-

year follow-up. J Refract Surg 2012; 28:781–785

110. Hayes S, Boote C, Kamma-Lorger CS, Rajan MS, Harris J,

Dooley E, Hawksworth N, Hiller J, Terill NJ, Hafezi F,

Brama AK, Wuantock AJ, Meek KM. Riboflavin/UVA collagen

cross-linking-induced changes in normal and keratoconus

corneal stroma. PLoS One 2011; 6(8):e22405. Available at:

http://www.plosone.org/article/fetchObject.action?uriZinfo%3A

doi%2F10.1371%2Fjournal.pone.0022405&representationZ
PDF. Accessed December 15, 2014

111. O’Brart DPS, Chan E, Samaras K, Patel P, Shah SP. A rando-

mised, prospective study to investigate the efficacy of riboflavin/

ultraviolet A (370 nm) corneal collagen cross-linkage to halt the

progression of keratoconus. Br J Ophthalmol 2011; 95:1519–

1524. Available at: http://bjo.bmj.com/content/95/11/1519.full.

pdf?sidZa585cf27-23ec-4a1a-be48-cdf9597f5584. Accessed

December 15, 2014

112. Wittig-Silva C, Whiting M, Lamoureux E, Lindsay RG,

Sullivan LJ, Snibson GR. A randomized controlled trial

of corneal collagen cross-linking in progressive kerato-

conus: Preliminary results. J Refract Surg 2008;

24:S720–S725

113. Hersh PS, Greenstein SA, Fry KL. Corneal collagen crosslink-

ing for keratoconus and corneal ectasia: one-year results.

J Cataract Refract Surg 2011; 37:149–160

114. Wittig-Silva C, Chan E, Islam FMA, Wu T, Whiting M,

Snibson GR. A randomized, controlled trial of corneal collagen

cross-linking in progressive keratoconus: three-year results.

Ophthalmology 2014; 121:812–821

115. Salman AG. Transepithelial corneal collagen crosslinking for

progressive keratoconus in a pediatric age group. J Cataract

Refract Surg 2013; 39:1164–1170

116. Buzzonetti L, Petrocelli G. Transepithelial corneal cross-linking

in pediatric patients: early results. J Refract Surg 2012;

28:763–767

117. Caporossi A, Mazzotta C, Paradiso AL, Baiocchi S,

Marigliani D, Caporossi T. Transepithelial corneal collagen

crosslinking for progressive keratoconus: 24-month clinical re-

sults. J Cataract Refract Surg 2013; 39:1157–1163

118. Derakhshan A, Shandiz JH, Ahadi M, Daneshvar R, Esmaily H.

Short-termoutcomes of collagen crosslinking for early keratoco-

nus. J Ophthalmic Vis Res 2011; 6:155–159. Available at: http://

www.ncbi.nlm.nih.gov/pmc/articles/PMC3306103/pdf/jovr-6-3-

155.pdf. Accessed December 15, 2014
J CATARACT REFRACT SURG
119. Spadea L, Mencucci R. Transepithelial corneal collagen cross-

linking in ultrathin keratoconic corneas. Clin Ophthalmol 2012;

6:1785–1792. Available at: http://www.ncbi.nlm.nih.gov/pmc/

articles/PMC3497455/pdf/opth-6-1785.pdf. AccessedDecember

15, 2014

120. Magli A, Forte R, Tortoni A, Capasso L, Marsico G, Piozzi E.

Epithelium-off corneal collagen cross-linking versus transepi-

thelial cross-linking for pediatric keratoconus. Cornea 2013;

32:597–601

121. Kanellopoulos AJ. Long term results of a prospective random-

ized bilateral eye comparison trial of higher fluence, shorter

duration ultraviolet A radiation, and riboflavin collagen cross

linking for progressive keratoconus. Clin Ophthalmol 2012;

6:97–101. Available at: http://www.ncbi.nlm.nih.gov/pmc/

articles/PMC3261695/pdf/opth-6-097.pdf. Accessed December

15, 2014

122. Spadea L. Corneal collagen cross-linking with riboflavin and

UVA irradiation in pellucid marginal degeneration. J Refract

Surg 2010; 26:375–377

123. Tuffaha BT, Alio JL, Pi~nero DP. Cross-linking for the manage-

ment of pellucid marginal degeneration in a case of an unsuc-

cessful implantation of intracorneal ring segments. Int J

Keratoconus Ectatic Corneal Dis 2012; 1:120–124. Available

at: http://www.jaypeejournals.com/eJournals/ShowText.aspx?

IDZ3339&TypeZFREE&TYPZTOP&INZw/eJournals/images

/JPLOGO.gif&IIDZ258&isPDFZYES. Accessed December 15,

2014

124. Kymionis GD, Karavitaki AE, Kounis GA, Portaliou DM,

Yoo SH, Pallikaris IG. Management of pellucid marginal

corneal degeneration with simultaneous customized photore-

fractive keratectomy and collagen crosslinking. J Cataract

Refract Surg 2009; 35:1298–1301

125. Stojanovic A, Zhang J, Chen X, Nitter TA, Chen S, Wang Q.

Topography-guided transepithelial surface ablation followed

by corneal collagen cross-linking performed in a single com-

bined procedure for the treatment of keratoconus and

pellucid marginal degeneration. J Refract Surg 2010;

26:145–152

126. Kohlhaas M, Spoerl E, Speck A, Schilde T, Sandner D,

Pillunat LE. Eine neue Behandlung der Keratektasie nach LA-

SIK durch Kollagenvernetzung mit Riboflavin/UVA-Licht [A

new treatment of keratectasia after LASIK by using collagen

with riboflavin/UVA light cross-linking]. Klin Monatsbl Augen-

heilkd 2005; 222:430–436

127. Hafezi F, Kanellopoulos J, Wiltfang R, Seiler T. Corneal

collagen crosslinking with riboflavin and ultraviolet A to treat

induced keratectasia after laser in situ keratomileusis.

J Cataract Refract Surg 2007; 33:2035–2040

128. Vinciguerra P, Camesasca FI, Alb�e E, Trazza S. Corneal

collagen cross-linking for ectasia after excimer laser refrac-

tive surgery: 1-year results. J Refract Surg 2010; 26:

486–497

129. Salgado JP, Khoramnia R, Lohmann CP, Winkler von

Mohrenfels C.Corneal collagen crosslinking in post-LASIK ker-

atectasia. Br J Ophthalmol 2011; 95:493–497

130. Cheema AS, Mozayan A, Channa P. Corneal collagen cross-

linking in refractive surgery. Curr Opin Ophthalmol 2012;

23:251–256

131. Hafezi F, Iseli HP. Pregnancy-related exacerbation of iatro-

genic keratectasia despite corneal collagen crosslinking.

J Cataract Refract Surg 2008; 34:1219–1221

132. Kymionis GD, Kontadakis GA, Kounis GA, Portaliou DM,

Karavitaki AE, Magarakis M, Yoo S, Pallikaris IG. Simulta-

neous topography-guided PRK followed by corneal collagen

cross-linking for keratoconus. J Refract Surg 2009; 25:S807–
- VOL 41, APRIL 2015

http://refhub.elsevier.com/S0886-3350(15)00221-7/sref104
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref104
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref104
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref104
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref105
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref105
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref105
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref105
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref105
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref106
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref106
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref106
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref106
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref107
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref107
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref107
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref107
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref108
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref108
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref108
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref108
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref109
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref109
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref109
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref109
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref109
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref109
http://www.plosone.org/article/fetchObject.action?uri=info%3Adoi%2F10.1371%2Fjournal.pone.0022405%26representation=PDF
http://www.plosone.org/article/fetchObject.action?uri=info%3Adoi%2F10.1371%2Fjournal.pone.0022405%26representation=PDF
http://www.plosone.org/article/fetchObject.action?uri=info%3Adoi%2F10.1371%2Fjournal.pone.0022405%26representation=PDF
http://bjo.bmj.com/content/95/11/1519.full.pdf?sid=a585cf27-23ec-4a1a-be48-cdf9597f5584
http://bjo.bmj.com/content/95/11/1519.full.pdf?sid=a585cf27-23ec-4a1a-be48-cdf9597f5584
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref112
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref112
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref112
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref112
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref112
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref113
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref113
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref113
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref114
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref114
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref114
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref114
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref115
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref115
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref115
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref116
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref116
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref116
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref117
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref117
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref117
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref117
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3306103/pdf/jovr-6-3-155.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3306103/pdf/jovr-6-3-155.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3306103/pdf/jovr-6-3-155.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3497455/pdf/opth-6-1785.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3497455/pdf/opth-6-1785.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref120
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref120
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref120
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref120
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3261695/pdf/opth-6-097.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3261695/pdf/opth-6-097.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref122
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref122
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref122
http://www.jaypeejournals.com/eJournals/ShowText.aspx?ID=3339%26Type=FREE%26TYP=TOP%26IN=%7E/eJournals/images/JPLOGO.gif%26IID=258%26isPDF=YES
http://www.jaypeejournals.com/eJournals/ShowText.aspx?ID=3339%26Type=FREE%26TYP=TOP%26IN=%7E/eJournals/images/JPLOGO.gif%26IID=258%26isPDF=YES
http://www.jaypeejournals.com/eJournals/ShowText.aspx?ID=3339%26Type=FREE%26TYP=TOP%26IN=%7E/eJournals/images/JPLOGO.gif%26IID=258%26isPDF=YES
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref124
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref124
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref124
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref124
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref124
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref125
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref125
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref125
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref125
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref125
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref125
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref126
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref126
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref126
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref126
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref126
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref126
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref127
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref127
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref127
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref127
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref128
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref128
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref128
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref128
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref128
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref129
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref129
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref129
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref130
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref130
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref130
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref131
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref131
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref131


868 REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
S811. Available at: http://keratoconuscanada.org/research/

Kymionis%20et%20al.%202009.pdf. Accessed December

15, 2014

133. Mukherjee AN, Selimis V, Aslanides I. Transepithelial photore-

fractive keratectomy with crosslinking for keratoconus. Open

Ophthalmol J 2013; 7:63–68. Available at: http://www.ncbi.nlm.

nih.gov/pmc/articles/PMC3821082/pdf/TOOPHTJ-7-63.pdf. Ac-

cessed December 15, 2014

134. Alessio G, L’AbbateM, Sborgia C, La TegolaMG. Photorefrac-

tive keratectomy followed by cross-linking versus cross-linking

alone for management of progressive keratoconus: two-year

follow-up. Am J Ophthalmol 2013; 155:54–65

135. Kymionis GD, Portaliou DM, Diakonis VF, Kontadakis GA,

Krasia MS, Papadiamantis AG, Coskunseven E, Pallikaris AI.

Posterior linear stromal haze formation after simultaneous pho-

torefractive keratectomy followed by corneal collagen cross-

linking. Invest Ophthalmol Vis Sci 2010; 51:5030–5033.

Available at: http://www.iovs.org/content/51/10/5030.full.pdf.

Accessed December 15, 2014

136. Sloot F, Soeters N, van der Valk R, Tahzib NG. Effective

corneal collagen crosslinking in advanced cases of progressive

keratoconus. J Cataract Refract Surg 2013; 39:1141–1145

137. Kymionis GD, Karavitaki AE, Grentzelos MA, Liakopoulos DA,

Tsoulnaras KI, Kontadakis GA. Topography-based keratoco-

nus progression after corneal collagen cosslinking. Cornea

2014; 33:419–421

138. Salom~ao MQ, Chaurasia SS, Sinha-Roy A, Ambr�osio R,

Esposito A, Sepulveda R, Agrawal V, Wilson SE. Corneal

wound healing after ultraviolet-A/riboflavin collagen cross-

linking: a rabbit study. J Refract Surg 2011; 27:401–407

139. Raiskup F, Hoyer A, Spoerl E. Permanent corneal haze after

riboflavin-UVA-induced cross-linking in keratoconus.

J Refract Surg 2009; 25:S824–S828

140. Suri K, Hammersmith KM, Nagra PK. Corneal collagen cross-

linking: ectasia and beyond. Curr Opin Ophthalmol 2012;

23:280–287

141. Kymionis GD, Portaliou DM, Pallikaris IG. Additional complica-

tions of corneal crosslinking [letter]. J Cataract Refract Surg

2010; 36:185; reply by T Koller, T Seiler 186

142. Kymionis GD, Grentzelos MA, Kounis GA, Portaliou DM,

Detorakis ET, Magarakis M, Karampatakis VE, Pallikaris IG.

Intraocular pressure measurements after corneal collagen

crosslinking with riboflavin and ultraviolet A in eyes with kerato-

conus. J Cataract Refract Surg 2010; 36:1724–1727

143. Eberwein P, Auw-H€adrich C, Birnbaum F, Maier PC,

Reinhard T. Hornhauteinschmelzung nach Cross-Linking und

tiefer lamell€arer Keratoplastik (“DALK”) bei Keratokonus.

[Corneal melting after cross-linking and deep lamellar kerato-

plasty in a keratoconus patient]. Klin Monatsbl Augenheilkd

2008; 225:96–98

144. Sharma A, Nottage JM, Mirchia K, Sharma R, Mohan K,

Nirankari VS. Persistent corneal edema after collagen

cross-linking for keratoconus. Am J Ophthalmol 2012;

154:922–926

145. Bagga B, Pahuja S, Murthy S, Sangwan VS. Endothelial failure

after collagen cross-linking with riboflavin and UV-A: case

report with literature review. Cornea 2012; 31:1197–1200

146. Gokhale NS. Corneal endothelial damage after collagen cross-

linking treatment. Cornea 2011; 30:1495–1498

147. Krumeich JH, Brand-Saberi B, Chankiewitz V, Chankiewitz E,

Guthoff R. Induction of neoplasia after deep anterior lamellar

keratoplasty inaCXL-treatedcornea.Cornea2014; 33:313–316

148. Colin J, Cochener B, Savary G, Malet F. Correcting keratoco-

nus with intracorneal rings. J Cataract Refract Surg 2000;

26:1117–1122
J CATARACT REFRACT SURG
149. Ertan A, Colin J. Intracorneal rings for keratoconus and kera-

tectasia. J Cataract Refract Surg 2007; 33:1303–1314

150. Asbell PA, Uc‚akhan €O€O, Abbott RL, Assil KA, Burris TE,

Durrie DS, Lindstrom RL, Schanzlin DJ, Verity SM,

Waring GO III. Intrastromal corneal ring segments: reversibility

of refractive effect. J Refract Surg 2001; 17:25–31

151. Chan SM, Khan HN. Reversibility and exchangeability of intra-

stromal corneal ring segments. J Cataract Refract Surg 2002;

28:676–681

152. Ali�o JL, Artola A, Ruiz-Moreno JM, Hassanein A, Galal A,

Awadalla MA. Changes in keratoconic corneas after intracor-

neal ring segment explantation and reimplantation. Ophthal-

mology 2004; 111:747–751

153. D’Hermies F, HartmannC, von Ey F, Holzk€amper C, RenardG,

Pouliquen Y. Biocompatibility of a refractive intracorneal

PMMA ring. Fortschr Ophthalmol 1991; 88:790–793

154. Kymionis GD, Siganos CS, Tsiklis NS, Anastasakis A, Yoo SH,

Pallikaris AI, Astyrakakis N, Pallikaris IG. Long-term follow-up

of Intacs in keratoconus. Am J Ophthalmol 2007; 143:236–244

155. Ruckhofer J, B€ohnke M, Alzner E, Grabner G. Confocal micro-

scopy after implantation of intrastromal corneal ring segments.

Ophthalmology 2000; 107:2144–2151

156. Patel S, Marshall J, Fitzke FW III. Model for deriving the optical

performance of the myopic eye corrected with an intracorneal

ring. J Refract Surg 1995; 11:248–252; correction, 426

157. Fleming JF, WanWL, Schanzlin DJ. The theory of corneal cur-

vature changewith the intrastromal corneal ring. CLAO J 1989;

15:146–150

158. Barraquer JI. Modification of refraction by means of intracor-

neal inclusions. Int Ophthalmol Clin Int Ophthalmol Clin 1966;

6(1):53–78

159. Holmes-Higgin DK, Burris TE; the INTACS Study Group.

Corneal surface topography and associated visual perfor-

mance with INTACS for myopia; phase III clinical trial results.

Ophthalmology 2000; 107:2061–2071

160. Burris TE, Ayer CT, Evensen DA, Davenport JM. Effects of in-

trastromal corneal ring size and thickness on corneal flattening

in human eyes. Refract Corneal Surg 1991; 7:46–50

161. Burris TE, Baker PC, Ayer CT, Loomas BE, Mathis ML,

Silvestrini TA. Flattening of central corneal curvature with intra-

stromal corneal rings of increasing thickness: an eye-bank eye

study. J Cataract Refract Surg 1993; 19:182–187

162. SekundoW, Stevens JD. Surgical treatment of keratoconus at

the turn of the 20th century. J Refract Surg 2001; 17:69–73

163. Torquetti L, Berbel RF, Ferrara P. Long-term follow-up of intra-

stromal corneal ring segments in keratoconus. J Cataract

Refract Surg 2009; 35:1768–1773

164. Siganos D, Ferrara P, Chatzinikolas K, Bessis N,

Papastergiou G. Ferrara intrastromal corneal rings for the

correction of keratoconus. J Cataract Refract Surg 2002;

28:1947–1951

165. Meek KM, Tuft SJ, Huang Y, Gill PS, Hayes S, Newton RH,

Bron AJ. Changes in collagen orientation and distribution in

keratoconus corneas. Invest Ophthalmol Vis Sci 2005;

46:1948–1956. Available at: http://www.iovs.org/content/46/

6/1948.full.pdf. Accessed December 15, 2014

166. S€og€utl€u E, Pi~nero DP, Kubaloglu A, Alio JL, Cinar Y, Yasin.

Elevation changes of central posterior corneal surface after in-

tracorneal ring segment implantation in keratoconus. Cornea

2012; 31:387–395

167. Ertan A, Ozkilic E. Effect of age on outcomes in patients with

keratoconus treated by Intacs using a femtosecond laser.

J Refract Surg 2008; 24:690–695

168. Abad J-C, Arango J, Tobon C. Comparison of astigmatism

correction using shorter arc length 90�/120� asymmetric Intacs
- VOL 41, APRIL 2015

http://keratoconuscanada.org/research/Kymionis%20et%20al.%202009.pdf
http://keratoconuscanada.org/research/Kymionis%20et%20al.%202009.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3821082/pdf/TOOPHTJ-7-63.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3821082/pdf/TOOPHTJ-7-63.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref134
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref134
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref134
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref134
http://www.iovs.org/content/51/10/5030.full.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref136
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref136
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref136
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref137
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref137
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref137
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref137
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref138
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref138
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref138
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref138
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref138
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref138
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref139
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref139
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref139
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref140
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref140
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref140
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref141
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref141
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref141
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref142
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref142
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref142
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref142
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref142
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref143
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref143
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref143
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref143
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref143
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref143
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref143
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref143
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref144
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref144
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref144
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref144
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref145
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref145
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref145
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref146
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref146
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref147
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref147
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref147
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref148
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref148
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref148
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref149
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref149
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref150
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref150
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref150
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref150
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref150
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref150
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref151
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref151
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref151
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref152
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref152
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref152
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref152
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref152
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref153
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref153
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref153
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref153
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref154
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref154
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref154
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref155
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref155
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref155
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref155
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref156
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref156
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref156
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref157
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref157
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref157
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref158
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref158
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref158
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref159
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref159
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref159
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref159
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref160
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref160
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref160
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref161
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref161
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref161
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref161
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref162
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref162
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref163
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref163
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref163
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref164
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref164
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref164
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref164
http://www.iovs.org/content/46/6/1948.full.pdf
http://www.iovs.org/content/46/6/1948.full.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref166
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref166
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref166
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref166
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref166
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref166
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref166
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref166
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref167
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref167
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref167
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref168
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref168
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref168
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref168


869REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
severe keratoconus versus 150� single-segment Intacs severe

keratoconus in asymmetric keratoconus. Cornea 2011;

30:1201–1206

169. Niknam S, Shamshiri M, Shahrzad SS, Alipour A, Rajabi MB,

Rajabi MT. Treatment of moderate to severe keratoconus with

6–mm Intacs SK. Int J Ophthalmol 2012; 5:513–516. Available

at: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3428552/pdf/

ijo-05-04-513.pdf. Accessed December 15, 2014

170. Rabinowitz YS, Li X, Ignacio TS, Maguen E. INTACS inserts

using the femtosecond laser compared to the mechanical

spreader in the treatment of keratoconus. J Refract Surg

2006; 22:764–771

171. Dauwe C, Touboul D, Roberts CJ, Mahmoud AM, K�erautret J,

Fournier P, Malecaze F, Colin J. Biomechanical and morpho-

logical corneal response to placement of intrastromal corneal

ring segments for keratoconus. J Cataract Refract Surg

2009; 35:1761–1767

172. Gorgun E, KucumenRB, Yenerel NM. Influence of intrastromal

corneal ring segment implantation on corneal biomechanical

parameters in keratoconic eyes. Jpn J Ophthalmol 2011;

55:467–471

173. Sansanayudh W, Bahar I, Kumar NL, Shehadeh-Mashour R,

Ritenour R, Singal N, Rootman DS. Intrastromal corneal ring

segment SK implantation for moderate to severe keratoconus.

J Cataract Refract Surg 2010; 36:110–113

174. Kymionis GD, Bouzoukis DI, Portaliou DM, Pallikaris IG. New

INTACS SK implantation in patients with post-laser in situ ker-

atomileusis corneal ectasia. Cornea 2010; 29:214–216

175. G€uell JL. Are intracorneal rings still useful in refractive surgery?

Curr Opin Ophthalmol 2005; 16:260–265

176. G€uell JL, Morral M, Salinas C, Elies D, Gris O, Manero F. Intra-

stromal corneal ring segments to correct low myopia in eyes

with irregular or abnormal topography including forme fruste

keratoconus: 4-year follow-up. J Cataract Refract Surg 2010;

36:1149–1155

177. G€uell JL, Velasco F, S�anchez SI, Gris O, Garcia-Rojas M. In-

tracorneal ring segments after laser in situ keratomileusis.

J Refract Surg 2004; 20:349–355

178. Torquetti L, Ferrara P. Intrastromal corneal ring segment im-

plantation for ectasia after refractive surgery. J Cataract

Refract Surg 2010; 36:986–990

179. Carrasquillo KG, Rand J, Tamalo JH. Intacs for keratoconus

and post-LASIK ectasia: Mechanical versus femtosecond

laser-assisted channel creation. Cornea 2007; 26:956–962

180. Pi~nero DP, Alio JL, El Kady B, Coskunseven E, Morbelli H,

Uceda-Montanes A, Maldonado MJ, Cuevas D, Pascual I.

Refractive and aberrometric outcomes of intracorneal ring

segments for keratoconus: mechanical versus

femtosecond-assisted procedures. Ophthalmology 2009;

116:1675–1687

181. Kubaloglu A, Sari ES, Cinar Y, Cingu K, Koytak A, Cos‚ kun E,
€Ozert€urk Y. Comparison of mechanical and femtosecond laser

tunnel creation for intrastromal corneal ring segment implanta-

tion in keratoconus; prospective randomized clinical trial.

J Cataract Refract Surg 2010; 36:1556–1561

182. Kubaloglu A, Sari ES, Cinar Y, Koytak A, Kurnaz E, €Ozert€urk Y.
Intrastromal corneal ring segment implantation for the treat-

ment of keratoconus. Cornea 2011; 30:11–17

183. Kubaloglu A, Cinar Y, Sari ES, Koytak A, Ozdemir B,

Ozert€urk Y. Comparison of 2 intrastromal corneal ring segment

models in the management of keratoconus. J Cataract Refract

Surg 2010; 36:978–985

184. ZareMA, Hashemi H, Salari MR. Intracorneal ring segment im-

plantation for the management of keratoconus: safety and effi-

cacy. J Cataract Refract Surg 2007; 33:1886–1891
J CATARACT REFRACT SURG
185. Kanellopoulos AJ, Pe LH, Perry HD, Donnenfeld ED. Modified

intracorneal ring segment implantations (INTACS) for theman-

agement of moderate to advanced keratoconus: efficacy and

complications. Cornea 2006; 25:29–33

186. Ali�o JL, Shabayek MH, Belda JI, Correas P, Diez Feijoo E.

Analysis of results related to good and bad outcomes of Intacs

implantation for keratoconus correction. J Cataract Refract

Surg 2006; 32:756–761

187. Colin J. European clinical evaluation: use of Intacs for the

treatment of keratoconus. J Cataract Refract Surg 2006;

32:747–755

188. Pe~na-Garc�ıa P, Vega-Estrada A, Barraquer RI, Burguera-

Gim�enez N, Alio JL. Intracorneal ring segment in keratoconus:

a model to predict visual changes induced by the surgery.

Invest Ophthalmol Vis Sci 2012; 53:8447–8457. Available at:

http://www.iovs.org/content/53/13/8447.full.pdf. Accessed

December 15, 2014

189. Vega-Estrada A, Alio JL, Brenner LF, Javaloy J, Plaza

Puche AB, Barraquer RI, Teus MA, Murta J, Henriques J, Uce-

da-Montanes A. Outcome analysis of intracorneal ring seg-

ments for the treatment of keratoconus based on visual,

refractive, and aberrometric impairment. Am J Ophthalmol

2013; 155:575–584

190. Ali�o JL, Artola A, Hassanein A, Haroun H, Galal A. One or 2 In-

tacs segments for the correction of keratoconus. J Cataract

Refract Surg 2005; 31:943–953

191. Ertan A, Kamburo�glu G. Intacs implantation using a femto-

second laser for management of keratoconus: comparison of

306 cases in different stages. J Cataract Refract Surg 2008;

34:1521–1526

192. Pi~nero DP, Alio JL. Intracorneal ring segments in ectatic

corneal disease – a review. Clin Exp Ophthalmol 2010;

38:154–167

193. Sharma M, Boxer Wachler BS. Comparison of single-segment

and double-segment Intacs for keratoconus and post-LASIK

ectasia. Am J Ophthalmol 2006; 141:891–895

194. Rabinowitz YS. Intacs for keratoconus. Curr Opin Ophthalmol

2007; 18:279–283

195. Ertan A, Kamburo�glu G, Akg€un €U. Comparison of outcomes of

2 channel sizes for intrastromal ring segment implantation with

a femtosecond laser in eyes with keratoconus. J Cataract

Refract Surg 2007; 33:648–653

196. Shetty R, Kurian M, Anand D, Mhaske P, Narayana KM,

Shetty BK. Intacs in advanced keratoconus. Cornea 2008;

27:1022–1029

197. Ali�o JL, ShabayekMH, Artola A. Intracorneal ring segments for

keratoconus correction: long-term follow-up. J Cataract

Refract Surg 2006; 32:978–985

198. Colin J, Malet FJ. Intacs for the correction of keratoconus: two-

year follow-up. J Cataract Refract Surg 2007; 33:69–74

199. Levinger S, Pokroy R. Keratoconus managed with Intacs; one-

year results. ArchOphthalmol 2005; 123:1308–1314. Available

at: http://archopht.jamanetwork.com/data/Journals/OPHTH/

9946/ecs40078.pdf. Accessed December 15, 2014

200. Hellstedt T, M€akel€a J, Uusitalo R, Emre S, Uusitalo R. Treating

keratoconus with Intacs corneal ring segments. J Refract Surg

2005; 21:236–246

201. Haddad W, Fadlallah A, Dirani A, El Rami H, Fahd D,

Khanafer D, Fahed S. Comparison of 2 types of intrastromal

corneal ring segments for keratoconus. J Cataract Refract

Surg 2012; 38:1214–1221

202. Rho CR, Na K-S, Yoo YS, Pandy C, Park CW, Joo C-K.

Changes in anterior and posterior corneal parameters in pa-

tients with keratoconus after intrastromal corneal-ring segment

implantation. Curr Eye Res 2013; 38:843–850
- VOL 41, APRIL 2015

http://refhub.elsevier.com/S0886-3350(15)00221-7/sref168
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref168
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref168
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref168
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3428552/pdf/ijo-05-04-513.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3428552/pdf/ijo-05-04-513.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref170
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref170
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref170
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref170
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref171
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref171
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref171
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref171
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref171
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref171
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref172
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref172
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref172
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref172
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref173
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref173
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref173
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref173
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref174
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref174
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref174
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref175
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref175
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref175
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref176
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref176
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref176
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref176
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref176
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref176
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref177
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref177
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref177
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref177
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref177
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref178
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref178
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref178
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref179
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref179
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref179
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref180
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref180
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref180
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref180
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref180
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref180
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref180
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref181
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref181
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref181
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref181
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref181
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref181
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref181
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref182
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref182
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref182
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref182
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref182
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref183
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref183
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref183
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref183
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref183
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref184
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref184
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref184
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref185
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref185
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref185
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref185
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref186
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref186
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref186
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref186
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref186
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref187
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref187
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref187
http://www.iovs.org/content/53/13/8447.full.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref189
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref189
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref189
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref189
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref189
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref189
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref190
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref190
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref190
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref190
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref191
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref191
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref191
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref191
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref191
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref192
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref192
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref192
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref192
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref193
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref193
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref193
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref194
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref194
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref195
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref195
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref195
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref195
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref195
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref195
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref195
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref196
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref196
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref196
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref197
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref197
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref197
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref197
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref198
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref198
http://archopht.jamanetwork.com/data/Journals/OPHTH/9946/ecs40078.pdf
http://archopht.jamanetwork.com/data/Journals/OPHTH/9946/ecs40078.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref200
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref200
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref200
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref200
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref200
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref201
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref201
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref201
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref201
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref202
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref202
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref202
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref202


870 REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
203. El-Moatassem Kotb AM, Hantera M. Efficacy and safety of In-

tacs SK in moderate to severe keratoconus. Middle East Afr J

Ophthalmol 2013; 20:46–50. Available at: http://www.ncbi.nlm.

nih.gov/pmc/articles/PMC3617527/?reportZprintable. Ac-

cessed December 15, 2014

204. Khan MI, Injarie A, Muhtaseb M. Intrastromal corneal ring seg-

ments for advanced keratoconus and cases with high kerato-

metric asymmetry. J Cataract Refract Surg 2012; 38:129–136

205. Fahd DC, Jabbur NS, Awwad ST. Intrastromal corneal ring

segment SK for moderate to severe keratoconus: a case se-

ries. J Refract Surg 2012; 28:701–705

206. Shetty R, Narayana KM, Mathew K, Anand D, Mhaske P,

Shetty BK. Safety and efficacy of Intacs in Indian eyes with kera-

toconus: an initial report. Indian JOphthalmol 2009; 57:115–119.

Available at: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC26

84424/?reportZprintable. Accessed December 15, 2014

207. Ertan A, Bahadır MM. Intrastromal ring segment insertion

using a femtosecond laser to correct pellucid marginal

corneal degeneration. J Cataract Refract Surg 2006;

32:1710–1716

208. Siganos CS, Kymionis GD, Kartakis N, Theodorakis MA,

Astyrakakis N, Pallikaris IG. Management of keratoconus

with Intacs. Am J Ophthalmol 2003; 135:64–70

209. Colin J, Cochener B, Savary G, Malet F, Holmes-Higgin D. IN-

TACS inserts for treating keratoconus; one-year results.

Ophthalmology 2001; 108:1409–1414

210. Boxer Wachler BS, Chandra NS, Chou B, Korn TS,

Nepomuceno R, Christie JP. Intacs for keratoconus. Ophthal-

mology 2003; 110:1031–1040; errata, 1475

211. Bedi R, Touboul D, Pinsard L, Colin J. Refractive and topo-

graphic stability of Intacs in eyeswith progressive keratoconus:

five-year follow-up. J Refract Surg 2012; 28:392–396

212. Brenner LF, Ali�o JL, Vega-Estrada A, Baviera J, Beltr�an J,

Cobo-Soriano R. Indications for intrastromal corneal ring seg-

ments in ectasia after laser in situ keratomileusis. J Cataract

Refract Surg 2012; 38:2117–2124

213. Kymionis GD, Tsiklis NS, Pallikaris AI, Kounis G, Diakonis VF,

Astyrakakis N, Siganos CS. Long-term follow-up of Intacs for

post-LASIK corneal ectasia. Ophthalmology 2006; 113:1909–

1917

214. Ali�o JL, Salem TF, Artola A, Osman AA. Intracorneal rings to

correct corneal ectasia after laser in situ keratomileusis.

J Cataract Refract Surg 2002; 28:1568–1574

215. Siganos CS, Kymionis GD, Astyrakakis N, Pallikaris IG. Man-

agement of corneal ectasia after laser in situ keratomileusis

with INTACS. J Refract Surg 2002; 18:43–46

216. Pokroy R, Levinger S, Hirsh A. Single Intacs segment for post-

laser in situ keratomileusis keratectasia. J Cataract Refract

Surg 2004; 30:1685–1695

217. Lovisolo CF, Fleming JF. Intracorneal ring segments for iatro-

genic keratectasia after laser in situ keratomileusis or photore-

fractive keratectomy. J Refract Surg 2002; 18:535–541

218. Rodr�ıguez LA, Villegas AE, Porras D, BenavidesMA, Molina J.

Treatment of six cases of advanced ectasia after LASIK with 6-

mm Intacs SK. J Refract Surg 2009; 25:1116–1119

219. Pi~nero DP, Alio JL, Morbelli H, Uceda-Montanes A, El Kady B,

Coskunseven E, Pascual I. Refractive and corneal aberromet-

ric changes after intracorneal ring implantation in corneas with

pellucid marginal degeneration. Ophthalmology 2009;

116:1656–1664

220. Barbara A, Shehadeh-Masha’our R, Zvi F, Garzozi HJ. Man-

agement of pellucid marginal degeneration with intracorneal

ring segments. J Refract Surg 2005; 21:296–298

221. Mularoni A, Torreggiani A, di Biase A, Laffi GL, Tassinari G.

Conservative treatment of early and moderate pellucid
J CATARACT REFRACT SURG
marginal degeneration; a new refractive approach with intra-

corneal rings. Ophthalmology 2005; 112:660–666

222. Rodriguez-Prats J, Galal A, Garcia-Lledo M, De La Hoz F,

Ali�o JL. Intracorneal rings for the correction of pellucidmarginal

degeneration. J Cataract Refract Surg 2003; 29:1421–1424

223. Kymionis GD, Aslanides IM, Siganos CS, Pallikaris IG. Intacs

for early pellucid marginal degeneration. J Cataract Refract

Surg 2004; 30:230–233

224. RabinowitzYS. INTACS for keratoconusandectasiaafter LASIK.

Int Ophthalmol Clin 2013; 53(1):27–39. Available at: http://www.

ncbi.nlm.nih.gov/pmc/articles/PMC3653443/pdf/nihms419471.

pdf. Accessed December 15, 2014

225. Ferrara G, Torquetti L, Ferrara P, Merayo-Lloves J. Intrastro-

mal corneal ring segments: visual outcomes from a large

case series. Clin Exp Ophthalmol 2012; 40:433–439

226. Alfonso JF, Fern�andez-Vega Cueto L, Baamonde B, Merayo-

Lloves J, Madrid-Costa D, Mont�es-Mic�o R. Inferior intrastromal

corneal ring segments in paracentral keratoconus with no coin-

cident topographic and coma axis. J Refract Surg 2013;

29:266–272

227. Tunc Z, Helvacioglu F, Sencan S. Evaluation of intrastromal

corneal ring segments for treatment of keratoconus with a me-

chanical implantation technique. Indian J Ophthalmol 2013;

61:218–225. Available at: http://www.ncbi.nlm.nih.gov/pmc/

articles/PMC3730505/?reportZprintable. Accessed December

15, 2014

228. Alfonso JF, Lisa C, Merayo-Lloves J, Fern�andez-Vega

Cueto L,Mont�es-Mic�oR. Intrastromal corneal ring segment im-

plantation in paracentral keratoconus with coincident topo-

graphic and coma axis. J Cataract Refract Surg 2012;

38:1576–1582

229. Gharaibeh AM, Muhsen SM, AbuKhader IB, Ababneh OH,

Abu-Ameerh MA, Albdour MD. KeraRing intrastromal corneal

ring segments for correction of keratoconus. Cornea 2012;

31:115–120

230. Coimbra CC, Gomes MT, Campos M, Soter de Figueiroa

Junior E, Barbosa EP, Serapi~ao dos Santos M. Femtosecond

assisted intrastromal corneal ring (ISCR) implantation for the

treatment of corneal ectasia. Arq Bras Oftalmol 2012;

75:126–130. Available at: http://www.scielo.br/pdf/abo/v75n2/

a11v75n2.pdf. Accessed December 15, 2014

231. Abu Ameerh MA, Hamad GI, Ababneh OH, Garaibeh AM, Al

Refai RM, Al Bdour MD. Ferrara ring segments implantation for

treating keratoconus. Int J Ophthalmol 2012; 5:586–590. Avail-

able at: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3484708/

pdf/ijo-05-05-586.pdf. Accessed December 15, 2014

232. Hamdi IM. Preliminary results of intrastromal corneal ring

segment implantation to treat moderate to severe keratoconus.

J Cataract Refract Surg 2011; 37:1125–1132

233. Alfonso JF, Lisa C, Fern�andez-Vega L, Madrid-Costa D, Mon-

t�es-Mic�o R. Intrastromal corneal ring segment implantation in

219 keratoconic eyes at different stages. Graefes Arch Clin

Exp Ophthalmol 2011; 249:1705–1712

234. Kubaloglu A, Sari ES, C{nar Y, Koytak A, Kurnaz E,

Pi~nero DP, Ozerturk Y. A single 210-degree arc length intra-

stromal corneal ring implantation for the management of

pellucid marginal corneal degeneration. Am J Ophthalmol

2010; 150:185–192

235. Pesando PM, Ghiringhello MP, Di Meglio G, Romeo S. Treat-

ment of keratoconus with Ferrara ICRS and consideration of

the efficacy of the Ferrara nomogram in a 5-year follow-up.

Eur J Ophthalmol 2010; 20:865–873

236. Ferrara P, Torquetti L. Clinical outcomes after implantation of a

new intrastromal corneal ring with a 210-degree arc length.

J Cataract Refract Surg 2009; 35:1604–1608
- VOL 41, APRIL 2015

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3617527/?report=printable
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3617527/?report=printable
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref204
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref204
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref204
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref205
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref205
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref205
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2684424/?report=printable
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2684424/?report=printable
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref207
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref207
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref207
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref207
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref207
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref208
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref208
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref208
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref209
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref209
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref209
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref216
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref216
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref216
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref210
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref210
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref210
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref211
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref211
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref211
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref211
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref211
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref211
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref212
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref212
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref212
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref212
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref213
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref213
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref213
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref213
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref214
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref214
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref214
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref215
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref215
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref215
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref217
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref217
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref217
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref218
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref218
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref218
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref218
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref219
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref219
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref219
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref219
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref219
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref219
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref220
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref220
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref220
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref221
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref221
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref221
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref221
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref222
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref222
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref222
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref222
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref223
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref223
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref223
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3653443/pdf/nihms419471.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3653443/pdf/nihms419471.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3653443/pdf/nihms419471.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref225
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref225
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref225
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref226
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref226
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref226
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref226
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref226
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref226
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref226
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref226
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3730505/?report=printable
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3730505/?report=printable
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref228
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref228
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref228
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref228
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref228
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref228
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref228
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref228
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref229
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref229
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref229
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref229
http://www.scielo.br/pdf/abo/v75n2/a11v75n2.pdf
http://www.scielo.br/pdf/abo/v75n2/a11v75n2.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3484708/pdf/ijo-05-05-586.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3484708/pdf/ijo-05-05-586.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref232
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref232
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref232
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref233
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref233
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref233
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref233
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref233
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref233
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref233
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref234
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref234
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref234
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref234
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref234
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref234
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref234
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref235
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref235
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref235
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref235
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref236
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref236
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref236


871REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
237. Kwitko S, Severo NS. Ferrara intracorneal ring segments for

keratoconus. J Cataract Refract Surg 2004; 30:812–820

238. Shabayek MH, Ali�o JL. Intrastromal corneal ring segment im-

plantation by femtosecond laser for keratoconus correction.

Ophthalmology 2007; 114:1643–1652

239. Torquetti L, FerraraG, Almeida F, Cunha L, Ferrara P,Merayo-

Lloves J. Clinical outcomes after intrastromal corneal ring seg-

ments reoperation in keratoconus patients. Int J Ophthalmol

2013; 6:796–800. Available at: http://www.ncbi.nlm.nih.gov/

pmc/articles/PMC3874518/pdf/ijo-06-06-796.pdf. Accessed

December 15, 2014

240. Cakir H, Utine CA. Combined Kerarings and Artisan/Artiflex

IOLs in keratectasia. J Refract Surg 2011; 27:119–126

241. Akaishi L, Tzelikis PF, Raber IM. Ferrara intracorneal ring im-

plantation and cataract surgery for the correction of pellucid

marginal corneal degeneration. J Cataract Refract Surg

2004; 30:2427–2430

242. Pi~nero DP, Alio JL, Uceda-Montanes A, El Kady B, Pascual I.

Intracorneal ring segment implantation in corneas with post-

laser in situ keratomileusis keratectasia. Ophthalmology

2009; 116:1665–1674

243. Tunc Z, Helvacioglu F, Sencan S. Evaluation of intrastromal

corneal ring segments for treatment of post-LASIK ectasia pa-

tients with a mechanical implantation technique. Indian J Oph-

thalmol 2011; 59:437–443. Available at: http://www.ncbi.nlm.

nih.gov/pmc/articles/PMC3214413/?reportZprintable. Ac-

cessed December 15, 2014

244. Jabbarvand M, Hashemi H, Mohammadpour M, Khojasteh H,

Khodaparast M, Hashemian H. Implantation of a complete in-

trastromal corneal ring at 2 different stromal depths in kerato-

conus. Cornea 2014; 33:141–144

245. Jabbarvand M, SalamatRad A, Hashemian H, Mazloumi M,

Khodaparast M. Continuous intracorneal ring implantation for

keratoconus using a femtosecond laser. J Cataract Refract

Surg 2013; 39:1081–1087

246. Jabbarvand M, SalamatRad A, Hashemian H, Khodaparast M.

Continuous corneal intrastromal ring implantation for treatment

of keratoconus in an Iranian population. Am J Ophthalmol

2013; 155:837–842

247. Alio JL, Pi~nero DP, Daxer A. Clinical outcomes after complete

ring implantation in corneal ectasia using the femtosecond tech-

nology; a pilot study. Ophthalmology 2011; 118:1282–1290

248. Pi~nero DP, Ali�o JL, El Kady B, Pascual I. Corneal aberrometric

and refractive performance of 2 intrastromal corneal ring

segment models in early and moderate ectatic disease.

J Cataract Refract Surg 2010; 36:102–109

249. KayaV, Utine CA, Karakus SH, Kavadarli I, Yilmaz €OF. Refrac-

tive and visual outcomes after Intacs vs Ferrara intrastromal

corneal ring segment implantation for keratoconus: A compar-

ative study. J Refract Surg 2011; 27:907–912

250. Saelens IEY, Bartels MC, Bleyen I, Van Rij G. Refractive, topo-

graphic, and visual outcomes of same-day corneal cross-

linking with Ferrara intracorneal ring segments in patients

with progressive keratoconus. Cornea 2011; 30:1406–1408

251. Kılıc‚ A, Kamburoglu G, Akıncı A. Riboflavin injection into the

corneal channel for combined collagen crosslinking and intra-

stromal corneal ring segment implantation. J Cataract Refract

Surg 2012; 38:878–883

252. Chan CCK, Sharma M, Boxer Wachler BS. Effect of inferior-

segment Intacs with and without C3-R on keratoconus.

J Cataract Refract Surg 2007; 33:75–80

253. Vicente LL, Boxer Wachler BS. Factors that correlate with

improvement in vision after combined Intacs and trans-

epithelial corneal crosslinking. Br J Ophthalmol 2010;

94:1597–1601
J CATARACT REFRACT SURG
254. C‚ akir H, Pekel G, Perente I, Genc‚ S. Comparison of intrastro-

mal corneal ring segment implantation only and in combination

with collagen crosslinking for keratoconus. Eur J Ophthalmol

2013; 23:629–634

255. Coskunseven E, Jankov MR II, Hafezi F, Atun S, Arslan E,

Kymionis GD. Effect of treatment sequence in combined intra-

stromal corneal rings and corneal collagen crosslinking for ker-

atoconus. J Cataract Refract Surg 2009; 35:2084–2091

256. Yeung SN, Lichtinger A, Ku JYF, Kim P, Low SAW,

Rootman DS. Intracorneal ring segment explantation after in-

tracorneal ring segment implantation combined with same-

day corneal collagen crosslinking in keratoconus. Cornea

2013; 32:1617–1620

257. Iovieno A, L�egar�e ME, Rootman DB, Yeung SN, Kim P,

RootmanDS. Intracorneal ring segments implantation followed

by same-day photorefractive keratectomy and corneal

collagen cross-linking in keratoconus. J Refract Surg 2011;

27:915–918

258. Kremer I, Aizenman I, Lichter H, Shayer S, Levinger S. Simul-

taneous wavefront-guided photorefractive keratectomy and

corneal collagen crosslinking after intrastromal corneal ring

segment implantation for keratoconus. J Cataract Refract

Surg 2012; 38:1802–1807

259. Behrouz MJ, Hashemian H, Khodaparast M, Rad AS,

Shadravan M. Intacs followed by MyoRing implantation in se-

vere keratoconus. J Refract Surg 2013; 29:364–366

260. Coskunseven E, Kymionis GD, Grentzelos MA, Karavitaki AE,

PortaliouDM, JankovMR II, ArslanE. INTACS followedbyKer-

aRing intrastromal corneal ring segment implantation for kera-

toconus. J Refract Surg 2010; 26:371–374

261. Park S, Ramamurthi S, Ramaesh K. Late dislocation of intra-

stromal corneal ring segment into the anterior chamber.

J Cataract Refract Surg 2010; 36:2003–2005

262. Medical Advisory Secretariat. Intrastromal corneal ring implants

for corneal thinning disorders; an evidence-based analysis. Ont

Health Technol Assess Ser 2009; 9(1):1–90. Available at: http://

www.ncbi.nlm.nih.gov/pmc/articles/PMC3385416/pdf/ohtas-

09-90a.pdf. Accessed December 15, 2014

263. MuletME, P�erez-Santonja JJ, Ferrer C, Ali�o JL. Microbial kera-

titis after intrastromal corneal ring segment implantation.

J Refract Surg 2010; 26:364–369

264. Kymionis GD, Kontadakis GA. Severe corneal vascularization

after Intacs implantation and rigid contact lens use for the treat-

ment of keratoconus. Semin Ophthalmol 2012; 27:19–21

265. Cosar CB, Sridhar MS, Sener B. Late onset of deep corneal

vascularization: a rare complication of intrastromal corneal

ring segments for keratoconus. Eur J Ophthalmol 2009;

19:298–300. Available at: http://medlib.yu.ac.kr/eur_j_oph/

ejo_pdf/ejo_19_298.pdf. Accessed December 15, 2014

266. G€uell JL, Verdaguer P, Elies D, Gris O, Manero F. Acute

corneal hydrops after intrastromal corneal ring segment im-

plantation for keratoconus. J Cataract Refract Surg 2012;

38:2192–2195

267. Deobhakta AA, Kymionis GD, Ide T, Yoo SH. Corneal edema

after Intacs implantation with the femtosecond laser.

J Cataract Refract Surg 2008; 34:174

268. KatsoulisK, SarraG-M,Schittny JC, FruehBE. Bilateral central

crystalline corneal deposits four years after Intacs for myopia.

J Refract Surg 2006; 22:910–913

269. Bourges J-L, Trong TT, Ellies P, Briat B, Renard G. Intrastro-

mal corneal ring segments and corneal anterior stromal necro-

sis. J Cataract Refract Surg 2003; 29:1228–1230

270. Randleman JB. Post-laser in-situ keratomileusis ectasia: cur-

rent understanding and future directions. Curr Opin Ophthal-

mol 2006; 17:406–412
- VOL 41, APRIL 2015

http://refhub.elsevier.com/S0886-3350(15)00221-7/sref237
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref237
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref239
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref239
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref239
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref239
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3874518/pdf/ijo-06-06-796.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3874518/pdf/ijo-06-06-796.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref240
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref240
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref241
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref241
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref241
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref241
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref242
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref242
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref242
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref242
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref242
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3214413/?report=printable
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3214413/?report=printable
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref244
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref244
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref244
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref244
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref245
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref245
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref245
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref245
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref246
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref246
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref246
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref246
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref247
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref247
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref247
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref247
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref248
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref248
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref248
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref248
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref248
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref248
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref249
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref249
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref249
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref249
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref249
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref250
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref250
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref250
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref250
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref251
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref251
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref251
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref251
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref251
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref251
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref251
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref251
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref252
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref252
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref252
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref253
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref253
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref253
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref253
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref254
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref254
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref254
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref254
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref254
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref255
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref255
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref255
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref255
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref256
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref256
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref256
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref256
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref256
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref257
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref257
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref257
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref257
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref257
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref257
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref257
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref258
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref258
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref258
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref258
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref258
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref259
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref259
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref259
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref260
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref260
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref260
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref260
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref261
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref261
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref261
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3385416/pdf/ohtas-09-90a.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3385416/pdf/ohtas-09-90a.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3385416/pdf/ohtas-09-90a.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref263
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref263
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref263
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref263
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref263
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref264
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref264
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref264
http://medlib.yu.ac.kr/eur_j_oph/ejo_pdf/ejo_19_298.pdf
http://medlib.yu.ac.kr/eur_j_oph/ejo_pdf/ejo_19_298.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref266
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref266
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref266
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref266
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref266
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref267
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref267
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref267
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref268
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref268
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref268
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref269
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref269
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref269
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref270
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref270
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref270


872 REVIEW/UPDATE: RESHAPING PROCEDURES FOR KERATECTASIA
271. Neuffer MC, Panday V, Reilly C. Intrastromal corneal ring seg-

ments for post-LASIK ectasia complicated by persistent pain.

J Cataract Refract Surg 2010; 36:336–339

272. Samimi S, Leger F, Touboul D, Colin J. Histopathological find-

ings after intracorneal ring segment implantation in keratoconic

human corneas. J Cataract Refract Surg 2007; 33:247–253

273. Pokroy R, Levinger S. Intacs adjustment surgery for keratoco-

nus. J Cataract Refract Surg 2006; 32:986–992

274. Ib�a~nez-Alperte J, P�erez-Garc�ıa D, Crist�obal JA, Mateo AJ,

Jim�enez-del R�ıo B, M�ınguez E. Keratitis after implantation of in-

trastromal corneal rings with spontaneous extrusion of the

segment. Case Rep Ophthalmol 2010; 1:42–46. Available at:

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2974971/pdf/co

p0001-0042.pdf. Accessed December 15, 2014

275. Slade DS, Johnson JT, Tabin G. Acanthamoeba and fungal

keratitis in a woman with a history of Intacs corneal implants.

Eye Contact Lens 2008; 34:185–187

276. Ruckhofer J, Twa MD, Schanzlin DJ. Clinical characteristics of

lamellar channel deposits after implantation of Intacs.

J Cataract Refract Surg 2000; 26:1473–1479

277. Kymes SM, Walline JJ, Zadnik K, Gordon MO, and the Collab-

orative Longitudinal Evaluation of Keratoconus (CLEK) Study

Group. Quality of life in keratoconus. Am J Ophthalmol 2004;

138:527–535. Available at: https://vrcc.wustl.edu/clekarchive/

pdf/22%20Kymes%20-%20Quality%20of%20Life.pdf. Ac-

cessed December 15, 2014

278. Kymes SM,Walline JJ, Zadnik K, Sterling J, GordonMO; for the

Collaborative Longitudinal Evaluation of Keratoconus (CLEK)

Study Group. Changes in the quality-of-life of people with kera-

toconus. Am J Ophthalmol 2008; 145:611–617. Available at:

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2753249/pdf/nih

ms45957.pdf. Accessed December 15, 2014
J CATARACT REFRACT SURG
279. Stulting RD. Corneal collagen cross-linking [editorial]. Am J

Ophthalmol 2012; 154:423–424

280. Kolli S, Aslanides IM. Safety and efficacy of collagen crosslink-

ing for the treatment of keratoconus. Expert Opin Drug Saf

2010; 9:949–957

281. Bettis DI, Hsu M, Moshirfar M. Corneal collagen cross-linking

for nonectatic disorders: a systematic review. J Refract Surg

2012; 28:798–807

282. Thornton IL, Dupps WJ, Sinha Roy A, Krueger RR. Biome-

chanical effects of intraocular pressure elevation on optic

nerve/lamina cribrosa before and after peripapillary scleral

collagen cross-linking. Invest Ophthalmol Vis Sci 2009;

50:1227–1233. Available at: http://www.iovs.org/content/50/

3/1227.full.pdf. Accessed December 15, 2014

283. Kanellopoulos AJ, Pamel GJ. Review of current indications for

combined very high fluence collagen cross-linking and laser in

situ keratomileusis surgery. Indian J Ophthalmol 2013;

61:430–432. Available at: http://www.ncbi.nlm.nih.gov/pmc/ar-

ticles/PMC3775081/?reportZprintable. Accessed December

15, 2014

284. Paik DC, Solomon MR, Wen Q, Turro NJ, Trokel SL. Aliphatic

b-nitroalcohols for therapeutic corneoscleral cross-linking:

chemical mechanisms and higher order nitroalcohols. Invest

Ophthalmol Vis Sci 2010; 51:836–843. Available at: http://

www.iovs.org/content/51/2/836.full.pdf. Accessed December

15, 2014

OTHER CITED MATERIAL
A. Silvestrini TA, Mathis ML, Loomas BE, Burris TEl. A geomet-

ric model to predict the change in corneal curvature from the

intrastromal corneal ring (ICR�). IOVS 1994; 35:ARVO ab-

stract 3557
- VOL 41, APRIL 2015

http://refhub.elsevier.com/S0886-3350(15)00221-7/sref271
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref271
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref271
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref272
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref272
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref272
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref273
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref273
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2974971/pdf/cop0001-0042.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2974971/pdf/cop0001-0042.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref275
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref275
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref275
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref276
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref276
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref276
https://vrcc.wustl.edu/clekarchive/pdf/22%20Kymes%20-%20Quality%20of%20Life.pdf
https://vrcc.wustl.edu/clekarchive/pdf/22%20Kymes%20-%20Quality%20of%20Life.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2753249/pdf/nihms45957.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2753249/pdf/nihms45957.pdf
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref279
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref279
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref280
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref280
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref280
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref281
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref281
http://refhub.elsevier.com/S0886-3350(15)00221-7/sref281
http://www.iovs.org/content/50/3/1227.full.pdf
http://www.iovs.org/content/50/3/1227.full.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3775081/?report=printable
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3775081/?report=printable
http://www.iovs.org/content/51/2/836.full.pdf
http://www.iovs.org/content/51/2/836.full.pdf

	Reshaping procedures for the surgical management of corneal ectasia
	Methods
	Corneal collagen crosslinking
	Dresden Protocol
	Alternative Treatment Protocols
	High-Fluency Collagen Crosslinking
	Pulsed Collagen Crosslinking
	Transepithelial Collagen Crosslinking

	Corneal Crosslinking in Thin Corneas
	Typical Postoperative Findings
	Cellular and Ultrastructural Findings After Corneal Collagen Crosslinking
	Clinical Outcomes
	Keratoconus
	Conventional Crosslinking (Dresden Protocol)


	Pellucid Marginal Degeneration
	Iatrogenic Ectasia
	Combined Treatment
	Collagen Crosslinking Combined with Topography-Guided Photorefractive Keratectomy
	Keratoconus
	Iatrogenic Ectasia


	Complications

	Intrastromal corneal ring segments
	Design
	Implantation
	Nomograms
	Single- Versus Double-Segment Implantation
	Incision Location
	Tunnel Size
	Clinical Outcomes in Keratoconus
	Intacs
	Iatrogenic Ectasia
	Pellucid Marginal Degeneration
	Ferrara and Kerarings
	Pellucid Marginal Degeneration
	Iatrogenic Ectasia

	Myoring
	Pellucid Marginal Degenernation and Iatrogenic Ectasia

	Comparison of Intrastromal Corneal Ring Segment Options
	Intacs Versus Keraring
	Intacs Versus Ferrara
	Intacs SK Versus Keraring

	Combined Treatments
	Collagen Crosslinking and Intrastromal Corneal Ring Segments
	Triple Procedure (Collagen Crosslinking, Intrastromal Corneal Ring Segments, and Photorefractive Keratectomy)
	Sequential Intrastromal Corneal Ring Segment Implantation

	Intrastromal Corneal Ring Segment Complications

	Conclusion
	Summary
	References


