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a b s t r a c t   

Keratoconus is an ectatic corneal disorder that causes severe vision loss. Surgical options 

allow us to correct, partially or totally, the induced refractive error. Intracorneal ring seg-
ments (ICRS) implantation represents a minimally invasive surgical option that improves 

visual acuity, with a high success rate and a low overall complication rate. Corneal allogenic 

ICRS consists of ring segments derived from allogenic eye bank-processed donor corneas. 

Selective topography-guided transepithelial photorefractive or phototherapeutic kera-
tectomy combined with CXL is another way in selected cases to improve spectacles cor-
rected distance visual acuity. The microphotoablative remodeling of the central corneal 

profile is generally planned by optimizing the optical zones and minimizing tissue con-
sumption. Phakic intraocular lens (PIOL) implant is considered in patients with stable dis-
ease and acceptable anatomical requirements. The two types of pIOLs, depending on their 

implantation inside the eye, are anterior chamber-pIOLs, which fixate to the anterior surface 

of the iris by using a polymethomethacrolate claw at the two haptics, and posterior 

chamber-pIOLs. In patients with both cataracts and keratoconus, the correct IOL power is 

difficult to obtain due to the irregular corneal shape and K values. Toric IOL is recommended, 

but carefully judging the topography and the possible need of subsequent keratoplasties. 

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC 
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1.  Introduction 

Keratoconus (KC) is an ectatic corneal disorder affecting up to 
1:375 persons in some populations characterized by a pro-
gressive deformation and thinning of the cornea.25 As KC 
progresses, it causes severe vision loss that can require a 
surgical approach. We provide information about how sur-
gery can not only treat KC, but also correct, partially or to-
tally, the refractive error, with improvement in binocularity, 
quality of vision, and quality of life of KC patients. The im-
provements of older techniques and the development of new 
techniques that are now available open an interesting pa-
norama for the refractive and corneal surgeon. 

We will discuss the risks and benefits of excimer laser 
photorefractive and phototherapeutic procedures plus cor-
neal collagen cross-linking (CXL), intracorneal ring segments 
(ICRS) with and without CXL (as they don’t stop KC, but can 
improve the refractive condition in many cases), phakic in-
traocular lenses (pIOL) and refractive lens exchange with 
toric IOL implantation.  

2.  Additive procedures with and without 
corneal crosslinking  

2.1.  Synthetic intrastromal corneal rings segment: 
surgical techniques and outcomes 

ICRSs were used in the 1980s18 for low and moderate myopia 
correction, and anterior cornea curvature flattening occurred 
by placing ICRS on the stroma. Originally studied as a surgical 
method to correct low myopia, they have been extended to 
various pathologies, such as KC, pellucid marginal degen-
eration, and iatrogenic corneal ectasia.74,76 

In 2000, Colin and coworkers reported the first results of ICRS 
technology in KC.18,19 They found that Intacs technology could 
reduce the corneal steepening and astigmatism associated with 
KC and proposed it as an additive surgical procedure for KC 
management. This surgical option provided an interesting al-
ternative aiming to delay, if not avoid, corneal grafting in ectatic 
corneal disease. Since then, multiple reports about ICRS for ec-
tatic corneal disorders that show the visual and refractive out-
comes of these implants have been published. Nowadays, there 
are 3 main types of ICRS international available: ring segments 
with a hexagonal cross-sectional profile (Intacs; Addition Tech-
nology, Inc.), ring segments with a triangular profile or variations 
of this profile (Ferrara rings; Ferrara Ophthalmics Ltda; Keraring; 
Mediphacos Ltda), and complete rings with a trapezoidal cross- 
sectional profile (MyoRing; Dioptex, GmBH).24,78 

As we can see in Table 1, ICRSs are available in different 
arc lengths, cross-sectional shapes, thickness, and diameters, 
with greater flattening effects that can be accomplished by 
thickening the segments or moving a position of the ring 
segments toward the visual axis.74 

ICRS implantation is suggested to KC patients who fulfill 
the following criteria.86  

1. Age  > 18 years  
2. Contact lens intolerance  

3. Corrected distance visual acuity (CDVA) between 0.3 and 
0.6 on the decimal scale  

4. Corneal pachymetry  > 480 µm in the site of the corneal 
tunnel  

5. Absence of central corneal scarring  
6. Alignment of refractive and keratometric axes  
7. Not pregnant 

Classically, ICRS have been placed in the corneal stroma 
by creating a channel via mechanical dissection, currently 
replaced by femtosecond lasers. In the mechanical technique 
the pupil center is used for ICRS implantation. The site of the 
incision is usually located in the steep meridian as de-
termined by keratometry. Then, a 1 mm radial incision is 
performed at the depth of 70–80% corneal thickness (CT) with 
a calibrated diamond knife, and corneal dissectors are in-
troduced at the base of the incisions on each side to form 
corneal intrastromal tunnels. A semiautomated vacuum- 
centering guide is placed, along with the reference point on 
the corneal surface, at the limbus. Tunnels are created under 
vacuum, using 2 semicircular dissectors (corneal separators) 
and by advancing them steadily and rotationally into the la-
mellar pockets (clockwise and counterclockwise dissection). 
Once this step is completed, ending with tunnels in the de-
sired directions and diameter, the surgeon removes the suc-
tion and inserts the implants into each ostia of the channels. 

The femtosecond laser-assisted method requires the use 
of an infrared laser to create intrastromal cavitations and 
eventually a dissection plane at the desired depth through 
the photodisruption process. The laser creates an entry cut 
followed by tunnel dissection at about 70–80% of the depth 
determined by corneal pachymetry. In the last step, the 
segments are inserted into each channel with the aid of 
special forceps.88 In addition to being less annoying to the 
patient, the use of femtosecond lasers is faster and provides 
greater control of the depth, width, and centering of the 
tunnel, as well as increased accuracy. In addition, epithelial 
tissue changes are minimal, and recovery after surgery is 
faster.34,1 Channel creation by both methods yields similar 
visual and refractive results. Nevertheless, increased in-
traoperative complications occurred with mechanical ICRS 
implantation.80,51 

In an ICRS study with the longest follow-up period, 
Torquetti and coworkers100 studied the long-term safety and 
efficacy of ICRS over 10 years in 36 eyes of 30 patients. They 
analyzed 2 eyes with grade I, 13 with grade II, 14 with grade 
III, and 7 eyes with grade IV, based on the Amsler–Krumeich 
classification. This retrospective study showed that 56.6% of 
eyes gained 2 or more lines of corrected distance visual acuity 
(CDVA) at 5 years, and 66.7% gained 2 or more lines of CDVA 
at 10 years of follow-up. They identified advanced KC and 
reoperation as possible risk factors for loss of visual acuity 
after ICRS implantation. Also, 10 and 20.7% of eyes that ex-
perienced the loss of uncorrected DVA and CDVA, respec-
tively, had grade III or IV KC. Any grade II patient with visual 
acuity loss had reoperation for ring repositioning, removal, or 
exchange. 

Sadoughi and coworkers86 also found worse CDVA out-
comes in patients with steep preoperative corneas: mean Ks 
greater than 55.0D and steep Ks greater than 57.0 (i.e., had 
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Amsler–Krumeich grade IV). Additionally, Vega-Estrada and 
coworkers103 stratified patients by preoperative CDVA and 
found a significant decrease in CDVA in patients with pre-
operative CDVA of greater than 0.90.  

2.2.  Synthetic ICRS: complications 

ICRS implantation involves intraoperative complications, 
such as incomplete tunnel creation, corneal surface perfora-
tion, or anterior chamber (AC) perforation. In the first case, 
the complication can be resolved by mechanical dissection. 
The perforation rates are low, which is one of the most ser-
ious complications.21,93 

Another intraoperative complication is vacuum loss that 
occurs during femtosecond laser suction; however, it is 
possible to recreate the same corneal plane and the in-
trastromal channel. Among postoperative complications, 
segment migration can occur, which may be due to an ex-
cessive ICRS width in a thin cornea. Coskunseven and cow-
orkers and Mounir and coworkers21,65 reported a high ring 
migration rate. 

ICRS implantation near the incision implies a great risk of 
corneal melting, and ICRS should be explanted immediately 
in these cases.20 Another reason for explantation is poor vi-
sual acuity or fluctuations in visual quality. The first to de-
scribe an explantation for this reason were Asbell and 
coworkers.11 They noted glare, halos, and fluctuating vision. 
Other surgeons6,31,12,105,18,71,17 have also reported poor visual 
acuity as a reason for explantation. One of the main goals of 
ICRS surgery is to treat KC or ectasia after laser in situ kera-
tomileusis. The use of a permanent suture at the incision site 
and avoiding eye rubbing have been proposed.46 

Infection risk is noted with ICRS implantation. Multiple 
microorganisms can cause this complication, and both bac-
teria and fungi can cause infectious keratitis. For example, 
Staphylococcus aureus 21 appears in up to 25% of cases, fol-
lowed by Pseudomonas species and Streptococcus pneumoniae, 
among others.95,15 

Several factors have been detected in relation to the onset 
of this complication, such as previous traumas, ring ex-
posure, use of contact lenses, or systemic diseases such as 
diabetes mellitus.42 

The most efficient method to treat infectious keratitis 
after ICRS implantation is topical antibiotic therapy. Bourcier 
and coworkers14 found that topical antibiotic therapy alone 
was sufficient to treat the infection. On the other hand, in 
some publications ICRS explantation was considered as the 
first therapeutic option. Deep corneal neovascularization is 

another complication that can be caused by the implant and 
is not associated with the surgical wound. Treatment with 
topical corticosteroid agents and surgical removal of the ring 
may induce vessel regression.9 

Recently, our study group defined the motivating reason 
for ICRS failure, either anatomic or functional, by reviewing 
the largest dataset of ICRS explanted up to date.25 

Explantation due to functional failure represents the main 
reason for ICRS removal that determines either a worsening 
of visual acuity more often in mild cases of KC or the need for 
a keratoplasty to further improve the visual acuity in cases of 
advanced disease. Spontaneous extrusion of the ring re-
presents the main cause of anatomical failure and happens 
in implantations performed in advanced cases of KC. We also 
later reported the largest case series of spontaneous ICRS 
extrusion after more than 2 years, and we described that the 
segment can be safely extracted, followed by a reversal of the 
corneal topographic data to the preoperative level. Of in-
terest, we showed a significant astigmatic change in patients 
implanted with ICRS before late extrusion of the segment, 
suggesting the role of this parameter as a prognostic factor of 
extrusion.26  

2.3.  Corneal allogenic intrastromal ring segments  

2.3.1.  Introduction 
KC patients with poor spectacle-corrected visual acuity or 
intolerant to contact lenses may benefit from a new and 
evolving conservative technique named corneal allogenic 
intrastromal ring segments (CAIRS) described and introduced 
for the first time at the international level by Soosan Jacob in 
2015.43,23 

CAIRS represents an additive procedure involving the 
midperipheral intrastromal transplantation of donor cornea 
stromal segments. The procedure is growing in popularity 
due to a relatively simple learning curve, ease of surgery, and 
safety and effectiveness.43 It is an allogeneic human donor 
corneal tissue alternative to synthetic ICRS. CAIRS im-
plantation consists in introducing customized semicircular 
segments of allogenic tissue into preformed intracorneal 
channels created manually, or better by a femtosecond laser, 
in the midperipheral stroma in order to reshape the corneal 
surface, improving its symmetry, thus combining the mor-
phological and biomechanical benefits of ICRS while elim-
inating their possible adverse events.8,25,26 Since its initial 
conceptualization and introduction, the CAIRS technique has 
evolved and underwent various modifications to facilitate the 

Table 1 – Characteristics of different models of intracorneal ring segments.          

Arc length (°) Cross-section Thickness (µm) Optical 
zone (mm) 

Inner 
diameter 
(mm) 

Outer 
diameter 
(mm)  

Intacs 150, 210 Hexagonal 210, 230, 250–450 in 50 µm increments 7.0 6.77 8.10 
Intacs SK 90, 130, 150 Elliptical 210, 250–500 in 50 µm increments 6.0 6.00 7.00 
Keraring 90, 120, 150, 160, 210, 340, 355 Triangular 150–350 in 50 µm increments 5.0 5.5 6.0 5.00 6.00 
Ferrara 90, 100, 110, 120, 130, 140, 150, 

160, 170, 180, 190, 210, 320 
Triangular 150–350 in 50 µm increments 5.0 6.0 4.40 5.60 

Myoring 360 Triangular 200–320 No data 5.00–8.00 6.00–9.00   
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surgery and customize it according to different scenarios. 
The initial pull-through technique was replaced due to mid- 
depth larger channels dissection facilitating the segments 
insertion. The CAIRS are pushed in by using a curved Y-rod 
and drawn in from the opposite incision using a curved re-
verse Sinskey hook. When a femtosecond laser is not avail-
able, manual dissection can be used. Special instruments for 
the CAIRS procedure were designed such as the CAIRS tre-
phine (Madhu Surgicals, New Delhi, India), the CAIRS marker, 
the various CAIRS inserters (curved Y-rod, curved reverse 
Sinskey, pigtail pull-through), and the CAIRS smoothener 
(Epsilon Eye Care, Mumbai, India) aim at improving accuracy 
and rapidity of the technique.43  

2.3.2.  Surgical technique 
CAIRS43 consists of ring segments created from allogenic eye 
bank-processed donor corneas with negative serology for HIV, 
HBV, HCV, and syphilis, with the advantage that corneas not 
suitable for corneal transplant for endothelial cell count or 
older donor tissue can be also used. The donor cornea is re-
moved from the storage solution and mounted on an artificial 
AC. The epithelium is fully debrided and the center is marked 
and laid upside down on a Teflon block. The endothelium is 
stripped or eliminated with a sponge, and a double-bladed 
Jacob trephine (Madhu Surgicals) is used to punch a ring of 
stromal tissue. The ring is divided in half to yield 2 segments 
which may be cut to an appropriate size. The breadth and the 
thickness of these segments can be customized according to 
severity, KC type, and location, refractive error, pattern of as-
tigmatism, high-order aberrations, and other factors. For this 
purpose, the trephine comes in different sizes, allowing for 
thicker or thinner segments of tissue. Parker and coworkers74 

described a CAIRS dry insertion technique, making it easier to 
insert the segments into the intrastromal channels due to 
their dehydration which shrinks and stiffens the tissue tem-
porarily. Following the insertion into the channels, the dehy-
drated CAIRS segments rehydrate immediately. Parker and 
coworkers also stained the segments with 0.06% trypan blue to 
enhance their visibility during implantation.75 

The CAIRS insertion is done under topical anesthesia after 
femtolaser or manual channels preparation in the recipient’s 
eye. Depending on the patient’s requirements, either single 
segment or double segments may be inserted. The CAIRS 
segment is flattened with forceps, a gentle push-in/pull- 
through technique may be used, with the aid of a curved Y-rod 
and reverse Sinskey hook or curved 23-gauge forceps, or the 
Jacob CAIRS pig-tail instrument may be used to draw the 
segment out. It is introduced into the channel and the seg-
ment is tied or anchored to the tip of the instrument at the 
leading end once it reaches the opposite incision or the other 
side of the same incision. The inserter is then withdrawn from 
the other side, thereby simultaneously guiding the segment 
into the channel in a near-circumferential manner.43 

An almost 360° segment or segment of any desired arc 
length may thus be placed within the channels. Moreover, an 
INTACS segment may be used to draw it in as described 
previously. CAIRS can be combined simultaneously or se-
quentially with CXL procedure according to minimum CT 
after CAIRS insertion.98,59 

Serious complications associated with synthetic ICRS 
have included segment migration, overriding of segments, 
stromal thinning leading to melting and necrosis, exposure 
or extrusion of segments, corneal neovascularization and 
infectious keratitis.8,26,46,21 

On the contrary, the advantage of CAIRS vs synthetic ICRS 
consisted in avoiding the major part of the above-mentioned 
complications, maintaining the advantage of corneal re-
inforcing (additive) treatment and remodeling (refractive 
empowerment) of the corneal surface, plus a higher integra-
tion of the allogenic corneal ring into the host corneal 
stroma. CAIRS may not only be implanted in mild cases but 
also in patients with more advanced disease.43,74,75 

Indeed, synthetic ICRS requires a minimum stromal 
thickness of 400 µm,59 above the segment in order to prevent 
stromal necrosis and melt. CAIRS, being allogenic and also 
less rigid, may be implanted into thinner corneas, so im-
plantable in more advanced cases.1 CAIRS induces the ab-
sence of any reflections with less glare disability. It is possible 
to customize the arc length, the thickness, the optical zone. 
and the depth of implant. Naturally, central corneal scarring 
doesn’t benefit from CAIRS implantation.43 

Patients suitable for CAIRS implant have preliminarily 
shown improvement in their uncorrected and best-corrected 
visual acuity, with a reduction in the steepest keratometric 
value and irregular astigmatism.43 Those results have been 
confirmed by several studies, with both manual and femto-
second laser technique for tunnel creation.74 Recently, 65 
keratoconic eyes have been implanted with CAIRS with an 
improvement in both uncorrected distance visual acuity 
(UDVA) (from 0.91  ±  0.50 logMAR preoperatively to 0.40 ± 
0.24 logMAR postoperatively) and CDVA (from 0.87  ±  0.20 
logMAR preoperatively to 0.27 ± 0.06 logMAR postoperatively) 
and a reduction in the steepest keratometry.68 Difference 
map pre- and post-CAIRS showed flattening and regulariza-
tion of the topography and centralization of the cone to-
gether with improvement in the symmetry indices (Fig. 1).  

3.  Substractive procedures plus corneal  
cross-linking 

Another alternative, successfully used for over a decade, is 
expanding the refractive therapeutic options for corneal ec-
tasias, placing itself precisely between the end or the im-
possibility of using rigid gas permeable (RGP) contact lenses 
and the execution of a keratoplasty, which in this way can be 
avoided or postponed, is represented by minimally selective 
trans-epithelial photorefractive (t-PRK) or phototherapeutic 
(t-PTK) keratectomy combined with conventional and ac-
celerated CXL, in the so-called CXL Plus therapy. The aim of 
these treatments is to regularize corneal shape improving the 
quality of vision with spectacles, consuming the small 
amount of tissue, minimizing invasiveness. Despite that 
tissue ablation in KC corneas has never been widely and de-
finitely accepted, it represents a therapeutic reality per-
formed in many countries in selected cases that needs to find 
a precise and shared place in the modern therapeutic flow-
chart of KC (Fig. 2). 

Numerous studies in the literature, including medium to 
long-term follow-up, demonstrate the efficacy and safety of 
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the combined topography-guided procedures of excimer laser 
corneal remodeling and crosslinking that can be performed 
in selected cases on a same-day basis or sequentially. CXL 
has paved the way for these treatments by strengthening 
corneal stroma, stabilizing the progression of ectatic corneas, 
conferring a higher level of safety and efficacy.27 This treat-
ment is indicated in selected cases of KC patients intolerant 
to RGP contact lenses with poor best spectacles corrected 
visual acuity. The micro-photo-ablative remodeling of the 

central corneal profile (central corneal remodeling) is gen-
erally planned by using topo-guided excimer laser selective 
ablations, optimizing the optical zones, minimizing tissue 
consumption (generally less or equal to 55 µm of corneal 
stroma) and taking into account the contribution of the 
posterior corneal surface in the determinism of the irregular 
visual defect and high-order contextual aberrations. 

These treatments aimed at improving patients’ UDVA and 
best spectacle corrected visual acuity reducing high order 

Figure 1 – Corneal allogenic intrastromal ring segments (CAIRS) pre and 6 months postoperative outcomes with differential 
map and slit-lamp photograph.   
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corneal aberrations (HOA). In addition, another purpose of 
central corneal remodeling combined with crosslinking con-
sists in improving contact lenses refitting on a more regular 
reshaped surface. The goal of these treatments is therefore to 
minimize the need for corneal transplant by improving the 
quality of vision and life of patients with KC offering a new 
therapeutic hope in those with contact lenses intolerance or 
inadequate fitting that represents the best indication of CXL 
combined refractive empowerment procedures such as t-PRK 
or t-PTK. Furthermore, this therapy does not prevent per-
forming a deep anterior lamellar or penetrating keratoplasty 
in case of failure, insufficient visual acuity, ectasia instability, 
or patient dissatisfaction. 

Kanellopoulos and coworkers45,58,48 in 2007 published the 
first case series of combined CXL with sequential topography- 
guided PRK as an alternative therapeutic approach for KC, 
providing a personalized protocol also known as the “Athens 
protocol,” followed by the “Cretan protocol” published by 
Kymionis and coworkers in 2009.52 

The Athens protocol, recommended 70% treatment of the 
cylinder and up to 70% treatment of the sphere so as not to 
exceed an ablation depth of 50 µm and achieve an expected 
CT of no less than 350 µm after PRK. The larger study in-
cluded a total of 325 eyes with KC comparing a group of 127 
eyes that underwent CXL with subsequent topography- 
guided PRK performed 6 months later (sequential group) and 
a second group of 198 eyes that underwent CXL and PRK in a 
combined procedure on the same day (simultaneous group) 
showed that same-day simultaneous topography-guided PRK 
and CXL appears to be superior to sequential CXL with later 
PRK in the visual rehabilitation of progressing KC.47 

The simultaneous technique seemed to overcome the 
drawbacks of the initial two-step CXL-PRK procedure due to its 
main advantage that laser ablation does not interfere with 
already cross-linked corneal tissue. On the contrary, other 
retrospective, noncomparative consecutive case series in pa-
tients that underwent corneal-wavefront guided TransPRK for 

the correction of aberrations at least 4–6 months after CXL 
reported that corneal-wavefront guided transepithelial PRK 
ablation profiles after conventional CXL also yields to good 
visual, optical, and refractive results. Indeed, a prospective 
uncontrolled interventional case series study including a total 
of 34 consecutive eyes of 25 patients with KC previously 
treated (at least 1 year) with CXL showed a significant im-
provement in the uncorrected and corrected distance visual 
acuities proving the efficacy and safety of performing excimer 
laser photoablation also after CXL as an effective option to 
partially correct the sphero-cylindrical errors and to minimize 
the level of higher order aberrations in mild and moderate KC. 

These data are further confirmed by the so-called 
“Topolink study” performed in 62 eyes where the topography- 
guided PRK followed the CXL treatment, there were sig-
nificant improvements in corneal astigmatism, maximum 
keratometry, mean keratometry, SE, posterior astigmatism, 
and total HOAs without significant correlations between age, 
sex, time elapsed between CXL and PRK, and age at the time 
of either procedure on final visual acuity. These studies 
show, contrary to what was believed, that the execution of 
the excimer laser at least 6–12 months after CXL, determines 
functional results comparable to the sequential laser/CXL 
treatment in the absence of adverse effects or complications 
without inducing errors due to the rate of ablation of cross-
linked tissue. These results pave the way for the possibility 
that even patients already treated with CXL can perform a 
TG-guided or WF-guided excimer laser ablation to improve 
their visual acuity. 

These treatments were safe and efficacious for the correction 
of refracto-therapeutic problems in keratoconic patients and 
demonstrate the usefulness of performing laser ablation after 
CXL thus evaluating the impact of CXL-induced modifications in 
patient refraction and aberrations which may induce unwanted 
hypercorrections. The long-term outcomes of CXL for the treat-
ment of KC in a prospective, comparative, interventional case 
series of 30 eyes with progressive KC using 2 different 

Figure 2 – Mazzotta-D’Oria flow chart for CXL and CXL Plus Therapy.    
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techniques for epithelial removal: an excimer laser-assisted t- 
PTK vs the standard mechanical epithelial debridement by a 
blunt metal spatula, showed no intraoperative and postoperative 
complications in any of the patients with the advantage that 
epithelial removal with t-PTK during CXL resulted in statistically 
significant better visual (CDVA, UDVA), refractive (astigmatism 
reduction), and keratometric outcomes compared with the me-
chanical epithelial debridement over a long-term follow-up.44,57 

Definitely, according to the Cretan protocol, the functional 
results and outcomes the combined trans-epithelial PTK and 
CXL were effective and safe in KC patients over a long-term 
follow-up and is particularly indicated in patients with RGP 
lens intolerance and poor spectacles CDVA with high order 
aberration that can improve their quality of vision avoiding 
or postponing the need of corneal transplant.53 

The results of the Cretan protocol were confirmed by other 
retrospective cohort studies,35 proving that simultaneous 

topography-guided partial PRK or PTK and CXL were effective, 
safe, and stable in KC patients significantly reducing the 
higher order aberrations and astigmatic error.90,50 

The comparative long-term reports between combined t-PRK 
with a solid-state laser (maximum ablation depth, 50 µm) fol-
lowed by simultaneous CXL vs CXL alone in progressive KC pa-
tient groups, well matching in terms of age and KC stage, 
demonstrated the superiority of simultaneous t-PRK followed by 
CXL in improving vision of treated patients vs those treated with 
CXL alone, and similar results regarding postoperative stability.16 

The main limiting factors concerning safety regarding CT that 
must be taken into account in treatment planning correcting 
aberrations removing the small amount of tissue and post-
operative haze due to excessive wound-related stimuli in com-
bined simultaneous procedures. 

Table 2 displays the differences between the different 
treatment planning showing inhomogeneous protocols and 

Table 2 – Differences of the different treatment planning for phototherapeutic keratectomy + corneal cross-linking.            

Authors 
(years) 

KC st Age 
incl 

Thinnest point tot Stromal abl 
depth 

Optic zone Gain CDVA Follow-up Eyes CXL protocol  

Kymionis et al 
(2009) 
(2011) 
(2014) 

I-II  18 
(30)  

> 400 50 µm 
epithel 
T-PTK 

6.5–7 +1.3  
4 y (7) 
3 y (11) 
2 y (23)  

41 CXL conv 
3–30 
5.4 J 
Medio 
30 R 

Kanellopoulos et al 
(2009) 
(2010) 
(2014) 
(2019) 

I-II  17  > 300 50 µm 
epithel 
50 µm 
stromal 
(70% ref) 

5.5–6.5 +0.2 Up to 10 y  231 ACXL 
10-9 
5.4 J 

Shetty et al 
(2013) 
(2015) 

I-II  23 
(25)  

> 400 50 µm 
epithel 
40 µm 
stromal 

5.5–6.5 +0.3 1 y  29 ACXL 
4–30 
7.2 J 

Alessio et al 
(2013) 

I-II  18  > 450 50 µm 
epithel 
50 µm 
stromal 

2.1–5.4 +0.2 2 y  17 CXL 
3–30 

Sakla et al 
(2014) 

I-II  18  > 450 50 µm 
stromal 
T-PRK 

5.5 +4 1 y  31 CXL 
conv 
3–30 
5.4 J 

Aslanides et al 
(2013) 

I-II  21  > 400 50 µm 
80% cyl 
60% sph 

5.5 +3 1 y  22 CXL 
3–30 
5.4 J 
Medio 
R or R hypo 

Nattis et al 
(2019) 

I-II  17  > 300 50 µm 6 +2 1 y  62  

Mulè et al 
(2019) 

I-II  14  > 400 55 µm 
CCR 

1–1.5 
9.8 

+3.2 1 y  24 CXL 
9–10 
Ribo 0.1% 

Rabina et al 
(2020) 

I-II  21  > 400 50 µm 6.5 +1 3 y  50 CXL 
5.4 J 
9–10 

Rechichi et al 
(2021) 

I-II  18  > 400 50 µm 6 +2 2 y  100 ACXL 
7.2 J 
8–30 

KC = keratoconus; CCR = Central corneal regularization; CDVA = corrected distance visual acuity; T-PTK = trans-epithelial photo-
therapeutic keratectomy; T-PRK = trans-epithelial photorefractive keratectomy.    

128 S U RV E Y  O F  O P H T H A L M O L O G Y  69 (2023)  122–139   

https://doi.org/10.1016/j.survophthal.2023.09.005


setting that still represents the most important limitation of 
these approaches requiring standardization of the indica-
tions and settings such as age at inclusion, volume of tissue 
ablation, programmed residual stromal bed, optical zones, 
accelerated crosslinking protocols, intraoperative use of mi-
tomycin C and postoperative therapeutic regimen. 

Beyond some main parameters, however, each case is 
different so the protocols may change according to each KC 
baseline parameters such as patient’s age (children not in-
dicated), baseline and residual minimum CT, apex cone lo-
calization. Table 3 displays the common parameter 
extrapolated from the different CXL plus excimer laser sur-
face ablation protocol studies displayed in Table 2. 

The prospective comparative studies evaluating the effect of 
KC apex location on the change in refractive outcomes, UDVA, 
CDVA, l acuity, total corneal aberrations, and corneal bio-
mechanics (corneal hysteresis and corneal resistance factor) 
after combined topography-guided PRK CXL demonstrated in 
the group were the cone was located within the central 2-mm 
zone a superior postoperative best-corrected distance visual 
acuity than in patients were the cone was located outside the 
central 2-mm zone. On the contrary, interestingly, the increases 
in corneal hysteresis and corneal resistance factor were greater 
in peripheral cones addressing the fact that cone location im-
pacts in visual acuity and biomechanics after the combined 
procedure paving the way also to customized CXL profiles in 
the future such as elastic modulus guided CXL with variable 
energy or stromal pachymetry gradient CXL profiles conferring 
higher resistance in the most ectatic steepest areas and redu-
cing energy deliver to the less ectatic ones so sparing energy 
and stromal wound related stimulation. 

A recently published study evaluated the changes in re-
fractive outcomes and corneal aberrations in central and 
paracentral KC after selective transepithelial topography- 
guided photorefractive keratectomy combined with ac-
celerated corneal crosslinking, the so-called “STARE-X 
Protocol.”84 This prospective, interventional, multicenter 
study was performed in 100 KC eyes and patients were sub-
divided into 2 groups: group 1 with cone located within the 
central 3 mm zone (50 eyes) and group 2 (50 eyes) with cone 
located outside the central 3 mm zone with a 2-year follow- 
up. Main outcome measures included UDVA, CDVA, corneal 
tomography and corneal wavefront aberrations compared at 
baseline and 2 years after the treatment. One hundred eyes 
of 100 patients underwent STARE-X protocol at 2 years, 
UDVA and CDVA improved, and sphere, cylinder, and Kmax 

were reduced after treatment in both groups. Moreover, a 
statistically significant reduction of total higher-order aber-
rations HOA was observed in both groups. In accordance with 
the observation of other authors, the best CDVA was 
achieved in central cones. 

Topo-guided custom surface ablation followed by CXL using a 
trans-epithelial approach was preferred to minimize stromal 
consumption, taking into account the masking effect of the 
corneal epithelium in ectatic corneas. The combination of to-
pography-guided custom ablation and CXL improved patients’ 
visual, refractive, and topographic outcomes and halted the 
progression of keratectasia. More recently this approach com-
bining corneal customized transepithelial therapeutic ablation to 
treat irregular corneal optics and accelerated CXL named central 
corneal regularization or remodeling “Central corneal regular-
ization protocol” has been published.70,96 This interesting series 
of 24 eyes included the selective ablation aimed to transform the 
preoperative irregular corneal morphology into a regular aconic 
shape of desired curvature, defined as the expected post-
operative anterior corneal curvature according to the pro-
grammed treatment. Different from other protocols, to achieve 
minimal tissue removal from the biomechanically compromised 
cornea, a full regularization was aimed at setting a narrow op-
tical zone (1.0–1.5 mm in diameter), while the quality of the 
postoperative corneal optics was addressed by gradually fading 
custom ablation effect towards the periphery, within a total ab-
lation zone of up to 9.8 mm in diameter. The large “connecting 
refractive zone” between the central optical zone and the un-
treated periphery features offered a smooth customized transi-
tion with a constant slope in each radial direction, resulting in 
linear increase or decrease of curvature.97,99,67 

The programmed customized ablation was achieved by a 
software based on ray-tracing calculation of the total corneal 
power balancing the refractive contribution of the posterior 
corneal surface with the anterior. All the treatments in this 
case were planned to leave at least a 400 µm of residual 
stromal bed followed by 9 mW/5.4 J/cm2 accelerated CXL, 
thus minimizing the wound-related stimulation and haze.60 

The “Tel Aviv protocol” consists of t-PRK, and 9 mW/5.4 J/cm2 

accelerated CXL. In this series of 50 eyes, half of the manifest 
refractive astigmatism (on the same axis) was planned in the 
programmed excimer laser ablation, while the spherical ablation 
is added so as not to exceed a total of 50 µm ablation of the 
epithelium and anterior stroma in a 3-year follow-up. The 
Tel Aviv protocol for progressive KC patients provided good im-
provement in visual acuity and astigmatism while halting the 
progression of KC without adverse events.81 

Another important feature recently demonstrated was that 
the use of mitomycin C after CXL and particularly in combined 
simultaneous topography-guided t-PTK or t-PRK with CXL should 
be avoided because it increases corneal haze. Current studies 
suggest that CDVA, UDVA, and HOA in low-to-moderate KC pa-
tients improved in a combined treatment without sacrificing the 
biomechanical stability of the cornea. Long-term results have a 
follow-up period of 68 months. Basically, the techniques that 
remove epithelium manually or by alcohol, without considering 
that epithelium is a masking agent compensating morphological 
irregularities of corneal curvature, induce higher tissue volume 
ablation and a higher risk of overcorrections, with potential hy-
peropic shift, without considering the contribution of the 

Table 3 – Common parameter extrapolated from the 
different CXL plus excimer laser surface ablation 
protocol.    

Average KC stage at inclusion Stage II (I-II) 
Average age at inclusion 18.5 years (14–30) 
Average stromal thinnest point at 

inclusion 
435 µm (300–450) 

Average stromal ablation 50 µm (40–55) 
Average optical zone diameter 5.5–6.5 mm 
Average CDVA gain +2.35 S Lines (1–4 SL) 
Average follow up 3 years (1–10) 

KC = keratoconus; CDVA = corrected distance visual acuity.    
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posterior corneal surface aberration that differs case by case in 
the heterogeneous phenotypes of KC. Transepithelial selective 
excimer laser photoablation procedures are superior to 
achieving a small amount of tissue consumption and in custo-
mized central cornea remodeling.82 

Moreover, software based on the calculation of mean pupil-
lary power or raytracing technology compensating anterior and 
posterior corneal surfaces is mandatory to avoid bad surprises. 
Concerning CXL protocols, not the same protocol for all is in-
dicated. There are pachymetry-guided protocols actually avail-
able to customize also CXL presetting the depth of demarcation 
line, according to residual postablation stromal pachymetry, 
thus sparing endothelium and reducing the risk of haze that is 
higher with Dresden protocol. Indeed, the original 3 mW/cm2 

Dresden protocol is not a good indication for these combined 
procedures that require also CXL customization.60  

4.  Phakic intraocular lenses  

4.1.  Introduction 

It is a well-established fact that refractive surgery in the form 
of corneal laser refractive surgery is contraindicated in KC 
patients. Combined PRK-CXL protocols aim to regularize the 
cornea and reduce RG contact lens dependence, but such 
treatments do not target emetropia since this would usually 

involve an unacceptable amount of stromal ablation, even in 
the presence of a crosslinked tissue.50 Because of this, phakic 
intraocular lenses (pIOL) play a critical role in the visual re-
habilitation of the KC patients, usually suffering from high 
refractive errors with significant levels of anisometropia, 
limiting the use of spectacles.4 

Thus, pIOLs are an essential tool in the last stage of the 
visual rehabilitation of the KC patient once the cornea has 
been reshaped and refraction shows stability. 

The main benefits of pIOLs in the KC eye are that cornea 
biomechanics remain unaltered, not interfering with the nat-
ural evolution of the disease.54,3 It involves a reversible proce-
dure, so pIOL exchange could be an option in the presence of an 
unexpected refractive change in the long-term observation; and 
accommodation is preserved, in contrast to pseudophakic IOLs. 
The key element at the preoperative assessment is to under-
stand that pIOLs just correct low-order aberrations (spherical 
and cylindrical refractive errors), but not HOAs, usually present 
in a large amount in such patients (with high levels of coma 
and coma-like aberrations) deteriorating the visual acuity and 
quality of vision. These HOAs, which remain uncorrected with 
pIOLs, need to be approached in advance by “reshaping” pro-
cedures such as PRK-CXL protocols or ICRS implantation22 in 
order to regularize as much as possible the existing irregular 
astigmatism and so improve the quality of vision and bring the 
spectacle-CDVA to an acceptable level (CDVA > 0.5) before 
considering any pIOL implantation (Fig. 3). 

Figure 3 – Case of a 50-year-old male with progressive loss of vision after myopic laser in situ keratomileusis (LASIK) 
20 years before for high myopia correction. On the left side of the image it can be observed a severe ectasia on the anterior 
curvature map with pathological posterior elevation, confirming the diagnosis of post-LASIK ectasia. At this point, 
uncorrected distance visual acuity (UDVA) was counting fingers at 2 months, and corrected distance visual acuity (CDVA) was 
0.2 with a myopia of − 20.5D. A 320° intracorneal ring was implanted, obtaining a strong flattening on the anterior curvature 
map (right image), with an improvement of the UDVA to 0.15, and CDVA to 0.6, with a refraction of − 12D − 1D × 180°. A 
nontoric Artiflex anterior chamber-phakic intraocular lens (implantation through the steep axis with an opposite incision) 
was programmed after demonstrating refractive stability, obtaining a final postoperative UDVA of 0.9 and plano refraction. 
Visual, refractive, and keratometric stability is maintained after more than 2 years of observation. 
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4.2.  Implantation criteria  

1. Stable disease: pIOLs may be considered in KC when fa-
cing a stable KC with demonstrated refractive stability. 
Otherwise, a progressive cone will affect to the visual and 
refractive stability in the long term, and so a CXL proce-
dure may be performed in advance. 

2. Acceptable CDVA: as stated before, pIOLs don’t re-
habilitate corneal irregularity and HOAs, so pIOLs may be 
implanted as far as the patient shows an acceptable CDVA 
(> 0.5, decimal scale), and being this vision subjectively 
appreciated as “acceptable” by the patient. Otherwise, 
corneal reshaping procedures such as PRK-CXL or ICRS 
may precede in order to reduce RGP dependency and en-
hance the visual outcome expected with the pIOL.  

3. Meet the usual pIOL anatomical requirements: usual 
anatomical recommendations according to the preferred 
pIOL model need to be addressed before implantation 
(minimal anterior chamber depth - ACD and angle aper-
ture, lens rise, endothelial cell density, etc). 

Since the cornea and the crystalline lens remain un-
changed with pIOL implantation, IOL power calculation is 
based on the subjective refraction preoperatively and the 
specific IOL calculation nomogram provided from the dif-
ferent pIOL companies. To the best of our knowledge, no 
specific pIOL calculation nomograms have been developed 
for KC to optimize the resulting vault (space between the 
posterior surface of the pIOL and the anterior lens capsule) in 
case of posterior chamber pIOLs (PC-pIOL). AC-pIOLs don’t 
present the limitation of a variable vault since they are fixed 
to the anterior surface of the iris.  

4.3.  pIOL models   

1. AC-pIOLs: Artilens (Ophtec BV) is the only commercially 
available AC-pIOL today (Fig. 4-Left). It presents 2 formats 
according to the amount of targeted spherical equivalent: 
Artisan, a nonfoldable polymethyl methacrylate (PMMA) 
lens (requires 5.5 mm incision, ideally through a scleral 
tunnel), and Artiflex, a foldable polysiloxane lens with 
PMMA haptics (requires 3.2 mm corneal/limbal incision). 

Both AC-pIOLs fixate to the anterior surface of the iris by 
using a PMMA claw at the two haptics. Due to this me-
chanism of implantation, there is no chance of post-
operative pIOL rotation, but still requires the performance 
of a superior peripheral iridotomy in order to avoid the 
risk of pupillary block. Artilens can correct up to 23.5D of 
myopia and 7.5D of astigmatism.  

2. PC-pIOLs: among the different commercially available 
models, the implantable collamer lens (ICL, Staar) con-
centrates almost all available scientific evidence about the 
use of PC-pIOL in KC10 (Fig. 4-Right) (Table 4). ICL is a plate- 
haptic foldable collamer IOL implanted at the ciliary 
sulcus, between the iris and the crystalline lens, through a 
3.2 mm corneal/limbal incision. ICL latest model (V4c) in-
corporates a tiny hole in the middle of the lens to prevent 
aqueous flow blockage and so further placement of a 
peripheral iridotomy is no longer required.77 Its diopter 
range goes up to 18D of myopia and 6D of astigmatism. 

Recently, new PC-pIOL models (none of them FDA ap-
proved) have reached the market, such us intraocular pos-
terior chamber lens (Care Group) and Eyecryl Phakic IOL 
(Biotech Vision Care). These are hydrophilic acrylic IOLs that 
offer a broader diopter range than ICL; however, the available 
scientific data in peer-reviewed journals about them is scanty. 

The main advantage of PC-pIOLs over the iris claw AC- 
pIOLs is the easiness of their implantation, reason why they 
are usually preferred by the majority of surgeons. On the 
other hand, with PC-pIOLs there exist the risk for post-
operative IOL rotation (see below), what is inexistent with 
Artilens as far as they are correctly implanted. Moreover, 
vault should be considered with PC-pIOLs, since an excessive 
vault can compromise the iridocornea angles, and an in-
sufficient vault may imply a risk for secondary cataract. Vault 
prediction in KC eyes may be negatively influenced by a po-
tential overestimation of the ACD if this is measured con-
sidering the apex of the cone, what could occasionally 
generate the selection of a larger diameter IOL than really 
needed, and so a higher vault than expected.2 Although no 
specific calculation nomograms have been suggested for KC, 
careful measurement of the ACD is advised during the IOL 
selection for such patients. 

Figure 4 – Toric iris-claw anterior chamber-phakic intraocular lens (pIOL) (Artiflex; left), and toric posterior chamber-pIOL 
(implantable collamer lens; right). 
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4.4.  Efficacy and safety 

In order to simplify and focus the extensive evidence re-
garding the safety and efficacy profile of pIOL for the visual 
rehabilitation of KC patients, we have analyzed the scientific 
evidence published within the last 10 years (from 2012;  
Table 4). pIOL models have progressively been changed and 
improved along the years, as well as the preoperative ana-
tomic safety inclusion criteria for each type of pIOL has also 
been progressively refined. Thus, we believe that the avail-
able evidence from the last decade reflects more accurately 
current tendencies and obtained results with the use of pIOL 
in KC eyes (Table 4). 

As can be seen in Table 44,89,33,28,30 both types of pIOL (iris 
claw and PC-pIOLs) offer good results in terms of efficacy, 
with indices close to or even exceeding 1, which means that 
postoperative UDVA approximates and may exceed the pre-
operative CDVA. Nevertheless, these results are worse (in 
terms of efficacy and predictability) than those expected in 
eyes with normal corneas, where reported efficacy indexes 
are systematically exceeding 1 and more than 90% of eyes 
show a final spherical equivalent within 0.5D from target 
correction (vs less than 70% generally reported in KC).73,49 

Regarding safety, all analyzed articles report indexes well 
over 1, reflecting that CDVA is significantly improved after 
pIOL implantation. These safety indexes seem similar or 
even better than those previously reported for non-KC 
eyes.73,49 

Within the last decade, a majority of authors have focused 
on reporting the outcomes of ICL as pIOL for KC, with only 
four papers using iris-claw AC-pIOLs. Despite that Artilens 
and ICL have shown similar efficacy and safety performance 
(Table 4), there is a general trend towards the use of PC-pIOLs,                            

probably in relation with their easier implantation and less 
demanding surgical skills. One study directly compared the 
outcomes of toric ICL and toric Artilens in a retrospective 
study in KC patients.4 

They demonstrated that both implants provided equivalent 
results, with no statistically significant differences between 
them in terms of efficacy, safety and stability of the refractive 
result, although they reported a trend toward better effective-
ness results in the iris-fixated pIOL group in relation with a better 
astigmatic outcome. To the best of our knowledge, there are no 
studies reporting the outcomes of intraocular posterior chamber 
lens PC-pIOL in KC patients, and only one using the EyeCryl PC- 
pIOL, were reported outcomes were comparable to those pre-
viously reported with ICL.13  

4.5.  Complications 

Regarding PC-pIOL complication rates, the majority of studies 
do not mention the obtained vault or state that no pIOL ro-
tation was needed in any patient. Only Shafik and cow-
orkers94 and Fairaq and coworkers29 specified this, reporting 
a mean vault of 509.75 (range: 320–900) and 421 (range: 
98–926) μm. However, Alhamzah and coworkers2 found that 
improper vault size was the most common cause of ICL ex-
change/explantation among patients with or without KC, and 
showed a tendency toward higher vaults in KC patients, 
highlighting the need for more accurate methods to calculate 
ICL size when facing KC eyes. As stated before, this may be 
linked with a potential overestimation of the ACD if it is 
measured considering the posterior curvature of the 
cone apex. 

There is one report of a case of secondary anterior sub-
capsular cataract (ICL model was not specified),29 although 

Table 4 – Summary of outcomes of phakic intraocular lens implantation for keratoconus studies.          

Author (year) Lens Eyes Follow-up 
(months) 

Preop SE (D) Preop 
astigmatism 
(D) 

Postop SE (D) Postop 
astigmatism (D)  

Sakla et al (2021)89 Toric ICL after PRK + CXL  46  12 − 7.35  ±  5.20 − 2.90  ±  2.21 − 0.32  ±  1.42 − 1.47  ±  1.46 
Balparda et al (2021)13 Toric EyeCryl  20  6 − 10.31  ±  6.18 − 3.82  ±  1.62 + 0.09 − 0.66  ±  0.18 
Fairaq et al (2021)29 Toric ICL  32  15.3 − 7.87 (median) − 3 (median) − 0.31 (median) − 1.12 (median) 
He et al (2020)40 Toric ICL after ICRS + CXL  31  12 − 3.13  ±  3.32 − 3.14  ±  1.71 − 0.08  ±  0.72 − 0.63  ±  0.67 
Emerah et al (2019)28 Toric ICL after CXL  14  6 − 4.8  ±  2.25 − 2.3  ±  1.60 − 0.3  ±  0.4 − 0.6  ±  − 0.5 
Abdelmassih et al 

(2017)1 
Toric ICL after ICRS + CXL  16  24 − 4.58  ±  3.47 − 4.13  ±  1.64 − 0.73  ±  1.07 − 1.23  ±  1.11 

Antonios et al (2015)10 Toric ICL after CXL  30  12 − 6.81  ±  3.48 − 2.74  ±  1.33 − 0.83  ±  0.76 − 1.03  ±  0.60 
Kamiya et al (2015)56 Toric ICL  21  36 − 9.70  ±  2.33 − 3.21  ±  1.56 − 0.02  ±  0.53 − 0.62  ±  0.79 
Shafik Shaheen et al 

(2014)94 
Toric ICL after CXL  16  36 − 5.98  ±  4.39 − 4.91  ±  1.51 0.00  ±  0.18 − 0.05  ±  0.14 

Hashemian et al 
(2013)37 

Toric ICL  22  6 − 4.98  ±  2.63 − 2.77  ±  0.99 − 0.33  ±  0.51 − 1.23  ±  0.65 

Fadlallah et al (2013)30 Toric ICL after CXL  16  6 − 7.24  ±  3.53 − 2.64  ±  1.28 − 0.89  ±  0.76 − 1.16  ±  0.64 
Alió et al (2014)4 Toric ICL  28  15 − 10.01  ±  3.82 − 2.67  ±  1.79 − 0.62  ±  0.92 − 1.13  ±  0.84 
Alió et al (2014)5 Toric Artiflex  20  15 − 8.91  ±  4.57 − 2.29  ±  1.90 − 0.28  ±  0.81 − 0.70  ±  0.80 
Güell et al (2012)36 Toric Artilens after CXL  17  37 − 6.99  ±  3.2 − 3.54  ±  1.38 − 0.22  ±  0.33 − 0.62  ±  0.39 
Ferreira et al (2014)32 Toric Artilens after ICRS  21  12 − 10.76  ±  6.86 − 3.25  ±  1.2 − 0.46  ±  0.8 − 1.2  ±  1.18 
Fischinger et al (2021)33 Toric Iris Claw after CXL  38  1.5 − 5.71  ±  4.96  − 1.25  ±  1.20  

SE = spherical equivalent; ICL = implantable collamer lens; pIOL = phakic intraocular lens. 
For those studies combining procedures such as corneal collagen crosslinking (CXL) or intracorneal ring segments (ICRS), preoperative data 
shown is before pIOL implantation (thus, after combined procedures have been performed).    
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from the introduction of the latest ICL model with central 
aquaport (V4c) secondary cataract risk has been estimated to 
be close to 0%.72 

Finally, mean endothelial cell loss reported has been 
1.41% at 6 months, 1.11% at 12 months,29 4.4% at 3 years, 
and 8.98% at 3 years96 in general comparable to the one ob-
served in non-KC eyes. 

Iris claw AC-pIOLs totally skip the complications of sec-
ondary cataract formation and inadequate vaulting since they 
have the advantage of “one lens size fits all” however, this pIOL 
has been related to an increased endothelial cell loss, greater 
than the physiological rate, and subsequent risk for corneal 
decompensation requiring corneal transplantation.49,101 

On the other hand, it has been reported that, if the ana-
tomical inclusion criteria for these pIOLs is strictly met (ACD 
> 3 mm from corneal endothelium), endothelial cell loss may 
not be different than physiological with up to 10 years of 
follow-up.66 

Artilens studies included in Table 4 didn’t observe a sig-
nificant decrease in central endothelial cell density in such 
KC population.4,36,33 

Iris claw AC-pIOLs fixates to the iris, preventing any risk of 
potential pIOL rotation and subsequent loss of astigmatic 
correction; however, PC-pIOLs can suffer from this post-
operative complication, and the higher is the targeted astig-
matism, the stronger will be the cylinder undercorrection in 
the advent of pIOL rotation. Kamiya and coworkers56 re-
ported toric ICL axis rotation > 10° in one eye (5%), requiring 
ICL repositioning, while Fairaq et al29 reported this compli-
cation in 3 eyes (9.4%).  

5.  Refractive lens exchange-cataract surgery  

5.1.  Which biometry to target the right power 

The peculiar optical structure of KC explains the interest that 
this condition has in clinical practice as regards the calcula-
tion of the IOL power, in the preoperative setting of a re-
fractive lens exchange or cataract surgery (as both 
procedures have the same problems with the calculation in 
KC). This measurement in patients with KC has a significant 
variability of refractive results due to the optical properties of 
the cornea, the inhomogeneity in the depth of the AC and the 
lower accuracy in the detection of the axial length (AL). These 
limits are partially reduced by the ongoing development of 
technology and data science that can improve the accuracy 
of IOL selection.7 

Hashemi and coworkers39 examined the repeatability of 
keratometry measurements with 5 different devices (Pen-
tacam, Eyesys, Orbscan, IOLMaster, Javal manual keratometer) 
based on 5 different measurement techniques in 78 eyes with 
different grades of KC. Their study found that in patients with 
K values up to 55.0D keratometry readings had good repeat-
ability among all the devices and Pentacam had the highest 
repeatability, while Orbscan had the lowest. In group 3 (K 
> 55D) all 5 devices had low repeatability. The same authors 
found that the lowest mean absolute error was obtained with 
the SRK/T formula in patients with mild to moderate KC, and 
SRK/T and SRK II formulas in patients with severe KC.39 

Vergence formulas use up to 6 biometry parameters, in-
troducing a series of modifications to know how IOL power 
changes with the varying corneal curvature and AL of the 
eye.103 Recently, Savini and coworkers,93 comparing 5 dif-
ferent formulas, showed that SRK/T is the most accurate 
formula, yielding an acceptable percentage of patients with a 
prediction error within ± 0.5D, which reached a rate of 61.9% 
in eyes with a grade I keratoconus (KCN). The outcomes re-
ported by the authors were even worse in eyes with more 
advanced degrees of the disease, suggesting caution when 
targeting any refractive outcome in eyes with preoperative K 
value higher than 48D.91,83 

This finding agrees with what has been observed by our 
research group in a previous study that showed a higher re-
fractive accuracy when the SRK/T formula was used5 and 
probably depends on the fact that the SRK/T tends to over-
estimate the IOL power in eyes with steep corneas.61 Such 
overestimation can be useful in eyes with KC since it coun-
terbalances the average trend toward hyperopic refraction 
observed with most formulas. Moreover, the AL was, on 
average, relatively high, and it was longer than 26.0 mm in 
34.1% of eyes. This might be another factor contributing to 
the good performance of the SRK/T because this formula has 
been shown to be one of the most accurate in long eyes.41,5 

Alio and coworkers5 showed that the AL had a stronger cor-
relation with the final spherical equivalent than the pre-
operative keratometry in 17 eyes of 10 patients diagnosed 
with stable KCN who had microincision cataract surgery 
(MICS) with toric IOL implantation. 

Reitblat and coworkers85 analyzed the performance of 
commonly used IOL power calculation formulas in a sub-
group of eyes with steep corneal geometry (K > 46D). They 
found that IOL power calculations for eyes with an average K 
value greater than 46D yielded myopic prediction errors with 
the SRK/T and Hill-RBF formulas and hyperopic errors with 
Haigis and Olsen-C formulas. Compared with all other for-
mulas, the SRK/T showed a higher systemic error. The au-
thors described then a new regression formula for K value 
adjustment to be used with the SRK/T formula (optimized 
K = − 1.91 + 1.05 × measured K), in order to reduce the re-
fractive error using the SRK/T formula for IOL power calcu-
lation in eyes with extreme corneal measurements (K > 46D). 

The Barrett Universal II is becoming accepted as one of the 
most accurate IOL formulas in use today, contributing to its 
increasing popularity among surgeons. The formula is based 
on a theoretical model eye and retains the positive correla-
tion of AL and keratometry to ACD. Importantly, the Barrett 
Universal II is able to maintain its accuracy across a wide 
range of ALs and ACD.61 

Newer methodologies are being applied to IOL calculation 
with promises of improved accuracy.104 As opposed to ver-
gence-based equations, the Olsen formula uses both exact 
and paraxial ray tracings of optical light through the re-
fractive media in the eye, including the specific optics of a 
particular IOL, to derive the postoperative position of that 
lens.72 

In the Olsen formula, the lens constant is no longer re-
lated to AL and corneal power but to the characteristic of the 
crystalline lens and the dimension of the AC. In the 2020 
study of 10,930 eyes, the Barrett Universal II had larger overall 
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mean absolute errors compared with the Olsen formula and 
Hill-RBF (2.0 version) calculator, and was comparable with 
the AL-adjusted Holladay 2 formula; however, when analyzed 
by different categories of AL, the Barrett had less error than 
Olsen and Hill-RBF 2.0 in long eyes (AL > 26.0 mm) and is 
equivalent to the Olsen for medium eyes (22.0–26.0 mm).24 

We should expect a poor refractive result with a higher 
hyperopic shift in eyes with advanced KCN (stage II or III), 
based on three mayor motivating reasons.92 

First, calculating the corneal power with the standard 
keratometric index (n = 1.3375) may lead to erroneous re-
sults. This fictitious index can be correctly used to achieve 
the refractive power of the whole cornea based from just the 
anterior corneal curvature, but only on the condition that the 
ratio between the anterior and posterior corneal curvature is 
within normal limits: in KCN eyes, the standard keratometric 
index overestimate corneal power.79,55 

Second, keratometers and corneal topographers provide 
measurements of corneal curvature that might be inaccurate 
because of asymmetry of corneal curvature. Every kerat-
ometer, in fact, assumes that the corneal curvature is con-
stant along a given meridian, but this is not the case in most 
KC eyes.91 

Third, KC can alter the usual relationship between corneal 
curvature, ACD and IOL position, thus reducing the accuracy 
of any formula in predicting the effective lens position.  

5.2.  Choice of the intraocular lens 

An important moment in the intraoperative planning is the 
choice of the IOL to be implanted. Whenever planning RLE 
surgery in a KC eye, the surgeon will have to decide whether 
a toric IOL is more suitable than a monofocal IOL. 

Hashemi and coworkers38 reported the results using an 
AcrySof toric IOL in 23 eyes of 17 patients with KCN and 
cataract. They showed that toric IOLs improved vision and 
refraction in all types of KCN including mild, moderate, and 
even severe KC; however, in case of severe KC, the refractive 
outcomes had less predictability. Similarly, Nanavaty and 
coworkers69 showed that the use of pseudophakic toric IOL in 
KC cataract patients was effective and resulted in an accep-
table and stable vision in patients with mild and moderate 
KC. Alio and coworkers5 retrospectively evaluated 17 KC eyes 
of 10 patients that underwent MICS and reported a significant 
improvement in UDVA, CDVA and cylinder but not in the 
sphere. 

When considering the lower predictability and outcomes 
in severe KCN, one should take into account that, the astig-
matism of those corneas is more irregular, this aspect might 
affect the final visual outcomes. Another explication is the 
possible increased postoperative rotation. Zhu and cow-
orkers106 reported that postoperative toric IOL rotation was 
positively correlated with AL myopia and capsular bag size. 
We suggest capsular tension ring placement whenever a toric 
IOL is to be implanted in a KC eye; optic capture might re-
present an option. Another relevant consideration is the as-
phericity of the IOL. As many KC eyes have a steep cornea 
with a large negative preoperative anterior surface Q value, 
adding an IOL with a zero or even positive Q value may lead 
to a better visual outcome.92 

In case of progression and/or keratoplasty, mixed implant 
techniques like power split approaches are an alternative 
option: the surgeon may implant an initial nontoric, mono-
focal IOL to correct the majority of the refractive error and 
then utilize a subsequent procedure such as a secondary 
sulcus-supported IOL (piggyback IOL) to correct the residual 
refractive error.62 

In cases of eyes with KC, piggyback IOLs may rotate sig-
nificantly and in these cases a sulcus suture might be utilized 
to improve stability.63 

Also, multicomponent IOL technologies are available 
having a basic power and a toric IOL attached like the new 
PreciSight IOL (InfiniteVision Optics, Strasbourg, France). 
This compact IOL is composed of a hydrophobic base lens 
that serves as a docking station and an exchangeable hy-
drophilic front lens that is connected to the base lens by bi-
lateral bridge openings.102 Moreover, in situations like 
potential progression, expected corneal decompensation or 
need for keratoplasty is recommended to implant a “space 
holder” in the bag like a capsular bending ring in order to 
ease IOL exchange. 

Other interesting commercially available IOLs are coming 
onto the market that might be good options/alternatives 
given the potential deviation from target refraction in a KCN 
patients.87 A small-aperture IOL (IC-8, AcuFocus, Inc.) is one 
of such alternatives that improves vision in eyes with severe 
corneal irregularities (e.g., in advanced KC) using the pinhole 
effect.89 Selected cases of KC could be treated by a new in-
traocular pinhole device (XtraFocus Morcher), which can be 
safely implanted either in the sulcus or in the bag.84,85 

Finally, light adjustable lens (RxSight Inc., Aliso Viejo, CA) 
is a foldable, PC three-piece silicone lens that has been ex-
plored as a potential advancement in improving post-
operative visual outcomes after lens surgery, being able to 
adjust spherical power from − 2.00 to + 2.00D and cylindrical 
power from − 0.75 to − 2.00D by 0.25D increments.64 

KC patients, even with a form fruste of KC, represent an 
important contraindication to multifocal IOL, given the high 
amount of high-order aberration (especially coma) and the 
consequent poor visual outcomes if an IOL with an advanced 
multifocal optic is implanted.  

6.  Summary 

ICRS implantation represents a minimally invasive, high- 
precision - with the advent of modern femtosecond lasers - 
surgical option for visual improvement in patients with KC. 
ICRS modify the corneal geometry in a manner that enhances 
its refractive properties and thereby, they improve visual 
acuity. Success rate after ICRS implantation is high and, most 
importantly, the overall complication rate is low. In the 
crosslinking plus panorama the CAIRS consists of ring seg-
ments derived from allogenic eye-bank processed donor 
corneas that can be combined simultaneously or sequentially 
with CXL procedure in KC patients intolerant to RGP contact 
lenses who need a conservative improvement of spectacle 
CDVA. The advantage of CAIRS consists in avoiding the major 
part of complications reported with synthetic ICRS, main-
taining the advantage of additive treatment with reshaping 
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ability, improving the refractive power of the cornea also in a 
customized fashion. CAIRS, being allogenic and less rigid, 
may be implanted into thinner corneas, so is implantable in 
more advanced cases. Limitation can be possible in con-
sequence of poorly predictable refractive outcomes despite 
less invasiveness and higher integration into the host corneal 
stroma are a must for allogenic corneal tissue. 

Selective topography-guided sequential and simultaneous 
excimer laser t-PRK or t-PTK combined with conventional and 
accelerated CXL is another way in selected cases to improve 
spectacles CDVA of KCs. Long-term 10-year follow-up data 
reported gain in UCVA and CDVA in absence of adverse 
events despite a small amount of tissue ablation. The micro- 
photo-ablative remodeling of the central corneal profile is 
generally planned by using topo-guided excimer laser soft-
ware, optimizing the optical zones, minimizing tissue con-
sumption to a maximum 55 µm of corneal stroma, and taking 
into account the contribution of the epithelium and posterior 
corneal surface thank to ray-tracing software, thus avoiding 
overcorrections. Despite the optimal results reported in the 
literature, the protocols require a standardization and global 
consensus both for laser planning and CXL-associated pro-
tocols. PIOLs represent an important reversible option in the 
KC eye as cornea biomechanics remain unaltered, thus not 
interfering with the natural evolution of the disease. Their 
implant is considered in patients with stable disease, accep-
table CDVA and with acceptable anatomical requirements. In 
these KC patients, since the cornea and the crystalline lens 
remain unchanged, IOL power calculation is based on the 
subjective preoperative refraction according to the specific 
IOL calculation nomogram provided from the different pIOL 
companies. The 2 types of pIOLs, depending on their im-
plantation inside the eye, are AC-pIOLs, with Artilens (Ophtec 
BV) representing the only commercially available model 
today, which fixate to the anterior surface of the iris by using 
a PMMA claw at the 2 haptics, and PC-pIOLs, with ICL (Staar) 
constitute almost all available scientific evidence about the 
use of PC-pIOL in KC. Scientific evidences demonstrated that 
both implants provided equivalent results, with no statisti-
cally significant differences between them in terms of effi-
cacy, safety and stability of the refractive result. Patients with 
both cataract and KC present unique challenges for the sur-
geon, given the peculiar optical characteristics of the ectatic 
corneas. In the preoperative evaluation, the correct IOL 
power is difficult to obtain due to the irregular corneal shape 
and K values, which vary significantly between those at the 
cone apex and those from the remaining cornea. 
Intraoperatively, the planning of the wound creation is im-
portant to avoid area of CT and if possible, to be performed at 
the steep axis to reduce astigmatism. IOL selection is another 
crucial moment in the surgery. Toric IOLs are recommended, 
but require carefully judging the topography and the possible 
need of subsequent keratoplasties.  

7.  Method of literature search 

An extensive literature search published in the MEDLINE/ 
PubMed and EMBASE database was performed to identify 
relevant articles (with no time restrictions) using the search 

terms: “refractive surgery,” “photorefractive keratectomy,” 
“phototherapeutic keratectomy,” “intracorneal ring seg-
ment,” “corneal cross linking,” “phakic intraocular lens,” 
“toric intraocular lens,” “intraocular lens” and “keratoconus.” 
Emphasis was given to RCTs, meta-analysis, original re-
search, and prospective studies that focused on the different 
surgical options to manage the refractive error of keratoconic 
patients. Review articles were also included if they added 
new data. Articles published in English with an available 
abstract were included in the literature search; non-English 
articles were included only if they include an English abstract 
that provide adequate information. All publications were 
screened by two authors (F. D. and S. A. B.) and any dis-
agreement was discussed by the two authors and resolved.  
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