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Purpose: To investigate the long-term results (at least 5 years of follow-up) of the mini asymmetric radial ker-
atotomy (MARK) and corneal cross-linking (CXL) combined intervention, also known as the ‘Rome protocol,
for patients with progressive stage | and Il keratoconus and contact lens intolerance.

Methods: This was a retrospective observational case series. Fifteen eyes of 12 patients were evaluated, with
a mean follow-up of 6.9 years. To assess the efficacy and stability of the MARK + CXL combined protocol,
best spectacle-corrected visual acuity, mean pachymetry, and mean keratometry were recorded preopera-
tively and at least 1, 3, and 5 years postoperatively. Statistical analysis was performed using the R platform
and involved the Wilcoxon signed-rank and Kruskal-Wallis non-parametric tests.

Results: Best spectacle-corrected visual acuity improved for all patients, from 0.46 + 0.69 logarithm of the
minimum angle of resolution (20 / 60) to 0.15 + 0.69 logarithm of the minimum angle of resolution (20 / 30, p =
0.0006), while mean pachymetry increased in 93% of patients, from 442.80 + 61.02 to 464.50 + 62.72 ym (p
= 0.003). Lastly, mean keratometry improved in 87% of patients after 6.9 years of observation from 48.82 +
5.00 to 43.25 + 3.58 diopters (p = 0.008). No intraoperative or postoperative complications were observed.

Conclusions: The MARK + CXL combined protocol was effective in treating keratoconus by halting corneal
thinning and bulging. In addition, this procedure significantly improved visual acuity based on long-term fol-
low-up data. Analysis of data from a larger cohort of patients would be useful to support these findings.
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Keratoconus (KC) is a non-inflammatory corneal dystro-
phy that often occurs in the second decade of life with a bi-
lateral onset. Clearly identified in 1854 by John Nottingham
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[1], this corneal ectasia results in asymmetric and progres-
sive corneal distortion and thinning, altered refractive pow-
ers, and decreased vision [2]. In 15% to 20% of cases,
moreover, corneal transplantation may be required. This
intervention is performed to replace all corneal layers pen-
etrating keratoplasty or, in less advanced stages, selected
corneal layers deep anterior lamellar keratoplasty [3].
Despite the undoubtable usefulness and constant refine-
ment of corneal transplantation, however, it remains an in-
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vasive procedure that exposes the patient to varying de-
grees of rejection risk and, importantly, does not offer a
permanent solution, as a corneal graft’s mean survival is
16.88 years [4]. For these and other reasons, a number of
conservative techniques has been developed or adapted
during the last two decades: corneal cross-linking (CXL)
[5], intrastromal corneal ring segments (ICRS) [6], mini
asymmetric radial keratotomy (MARK) [7,8], circular ker-
atotomy (CK and FemtoCK) [9], conductive keratoplasty
(CKP) [10] and radial keratotomy (RK)/mini-radial keratot-
omy [11-13]. CXL, in particular, has become the gold stan-
dard in the treatment of progressive KC as it reinforces the
weakening corneal structure, thus halting ectasia.

Apart from a slight degree of corneal flattening with the
‘epi-off” (Dresden protocol) technique, however, it does not
significantly improve a patient’s visual acuity [14], a condi-
tion that has led to a number of CXL-combined procedures.
Combined protocols discussed in the medical literature in-
clude CXL paired with photorefractive keratectomy (PRK)
(Athens protocol) [15], femtosecond laser-assisted in situ ker-
atomileusis (FemtoLASIK) [16], ICRS [17], phakic intraocu-
lar lenses [18], CKP [19], and MARK [20]. The latter com-
bined intervention, the ‘Rome protocol,” was the focus of this
study, the aim of which was to investigate the effectiveness
of this protocol for disease stabilization and improvement of
visual acuity based on long-term follow-up data.

Materials and Methods

This was a retrospective, observational, case series of pa-
tients who underwent combined MARK + CXL interven-
tion performed by the same surgeon (MA) with the same
instruments in two different centers who were followed-up
Tor several years. Clinical selection criteria mncluded pro-
gressive stage [ and II KC (Amsler-Krumeich classification)
and contact lens intolerance. Patients with any chronic or
recurrent ocular infections were excluded. All patients un-
derwent a complete clinical examination prior to the inter-
vention. Ethics approval was provided by the director of
the Abbondanza Eye Centers (MA), and written informed
consent for both procedures was required as a part of our
preoperative routine. The research was performed in accor-
dance with the principles of the Declaration of Helsinki.

For the purposes of this study, best spectacle-corrected
visual acuity (BSCVA), mean pachymetry, and mean ker-
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Fig. 1. Diagram of mini asymmetric radial keratotomy mini-inci-
sions.

atometry (Kavg) were recorded with a Pentacam (Oculus
Optikgerate GmbH, Wetzlar, Germany) preoperatively and
at least 1, 3, and 5 years following the last of the combined
operations (CXL). Steady and/or improved pachymetric
and keratometric values have been used as indicators of
successful KC stabilization, while an increase in BSCVA is
a standard indicator of improved visual acuity.

MARK surgery

Once the inclusion/exclusion criteria were satisfied,
preparation for MARK was initiated by devising a surgical
plan. Because MAPK surgery comprises a small series (3
to 5) of tomography- and topography-guided mini-incisions
to circa 80% of corneal thickness, performed only on the
portion of the cornea where KC is manifest (Fig. 1), factors
that were carefully considered included the designation of
the corneal clear zone, which was to be left as large as pos-
sible, along with determination of the number, position,
length, and depth of the mini-incisions. MARK’s conserva-
tive nomogram is based on a modified version of Lind-
strom’s [21] so that it performs shorter (1.75 to 2.25 mm in-
stead of 3 mm) and asymmetric (sectorial) mini-incisions.
A diamond knife (Meyco; Anton Meyer & Co., Biel, Swit-
zerland) and custom-made double concentric corneal mark-
ers (Abbondanza markers) (Fig. 2), were used and incisions
were limited to a maximum of 7.5 to 8 mm on the external
end and a minimum of 3.5 to 4 mm on the internal end.
Topical anesthesia was applied prior to the treatment (beno-
xinate chloride 0.4%; Alfa Intes Srl, Casoria, Italy). Follow-



ing the intervention, a bandage contact lens was placed
(CooperVision, Pleasanton, CA, USA) and topical antibiotics
(levofloxacin hemihydrate 0.5%, Alfa Intes Srl) and non-ste-
roidal anti-inflammatory drops (diclofenac sodic 0.1%; Thea
Laboratoires, Clermont-Ferrand, France) were prescribed.

CXL treatment

After repeating the same series of examinations de-
scribed above, CXL was performed when complete consol-
idation of the mini-incisions was observed with biomicros-
copy to avoid possible reopening of such mini-incisions
during the treatment. Complete consolidation was observed
on average about 12 months after MARK surgery. The
standard Dresden Protocol for CXL was followed, and af-
ter topical anesthesia, the corneal epithelium was removed
with an ophthalmic scalpel (MicroFeather; Feather Safety
Razor, Osaka, Japan) and riboflavin eye drops were applied
on the corneal stroma 30 minutes before the procedure 10
times at 3-minute intervals. Riboflavin was then applied
six times at S-minute intervals during UV-A irradiation
(UV-X 1000; IROC AG, Zurich, Switzerland). Eyelids were
kept open using ophthalmic specula. Total UV-A exposure
time was 30 minutes and postoperative therapy was per-
formed as described for MARK surgery.

Statistical analysis

All data were collected in standardized study spreawd-
sheets and entered into Excel 2010 (Microsoft, Redmond,

Fig. 2. The Abbondanza markers.
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WA, USA). Analyses were performed using the R platform
(R Development Core Team, Vienna, Austria), version
3.3.2, 64 bit, with the ‘ggplot2,” ‘Rmisc,” and ‘reshape2’
packages. Non-parametric significance tests were used,
specifically the Wilcoxon signed-rank test and the Krus-
kal-Wallis test, and a p-value of <0.05 was considered sta-
tistically significant. Visual acuity was measured according
to a decimal scale and then converted to the logarithm of
the minimum angle of resolution (logMAR). Lastly, means
and standard deviations were computed for all numerical
data analyzed with R.

Results

Among all patients that underwent the MARK + CXL
combined procedure, fifteen eyes of 12 patients were se-
lected due to availability of a minimum of 5 years of fol-
low-up data after the last intervention. Mean follow-up was
6.9 years. The cohort of patients comprised eight males and
four females with a mean age of 34.8 years. No patients re-
quired corneal transplantation. The first parameter we em-
ployed to evaluate effective KC halting, namely mean ker-
atometry, showed considerable improvements over time.
Kavg improved in 87% of patients after a mean of 6.9 years
of observation, from 48.82 + 5.00 to 43.25 + 3.58 diopters (p
=0.008) (Fig. 3).
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Fig. 3. Mean keratometry changes (with confidence intervals)
before and after surgery. A Kruskal-Wallis non-parametric test
showed that mean keratometry values do not have identical data
distributions in the follow-up period (p = 0.175). A Wilcoxon
signed-rank test indicates that postoperative Kavg values after 7
years are significantly lower than preoperative values (p < 0.05).
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Fig. 4. Mean pachymetry (with 95% confidence intervals) before
and after surgery. A Wilcoxon signed-rank test showed that post-
operative pachymetry is significantly higher than preoperative
pachymetry (p < 0.005).

Fig. 5. Pachymetric map (A) before and (B) after surgery, show-
ing a general improvement in corneal thickness.

Preoperative BSCVA Postoperative BSCVA

Fig. 6. Mean best spectacle-corrected visual acuity (BSCVA) (on a
decimal scale with 95% confidence intervals) before and after sur-
gery. A Wilcoxon signed-rank test shows that postoperative BSC-
VA is significantly higher than preoperative BSCVA (p < 0.005).
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Table 1. Aggregate preoperative and postoperative data with
statistically-significant outcomes

Cause Before After p-value
Kavg (1 yr) 48.8 44.25 0.0007
Kavg (5 yr) 48.8 44.28 0.004
Kavg (7 yr) 48.8 43.25 0.008
Mean pachymetry 442.8 464.5 0.003
BSCVA 0.46 (20/60)  0.15(20/30) 0.0006

Kavg = mean keratometry; BSCVA = best spectacle-correct-
ed visual acuity.

Corneal thickness also improved noticeably; mean pa-
chymetry increased in 93% of patients from 442.80 + 61.02
to 464.50 £ 62.72 um (p = 0.003) (Fig. 4, 5). Lastly, postop-
erative visual acuity as measured by BSCVA improved in
all patients from 0.46 + 0.69 logMAR (20 / 60) to 0.15 £
0.69 logMAR (20 / 30, p = 0.0006) (Fig. 6). Aggregate pre-
operative and postoperative data with relevant p-values are
presented in Table 1, while key indicators for each patient
are shown in Table 2. The original dataset is available upon
request from the corresponding author.

Discussion

Four main conclusions can be drawn from our study.
First, combined MARK and CXL appeared to be effective
in treating both progressive KC (mean keratometry and pa-
chymetry improved) and improving patients’ visual acuity
(BSCVA increased). Second, the combined protocol ap-
peared to provide predictable outcomes, as mean keratome-
try, mean pachymetry, and visual acuity improved in 87%,
93%, and 100% of cases respectively. Third, the protocol
proved to be safe—no intraoperative or postoperative com-
plications occurred. Fourth, our long-term follow-up data (a
minimum of 5 years and an average of 6.9 years) indicate
that the effects of the intervention are durable.

Some notes of caution are also needed to clarify the gen-
eralizability of these results. It is important to acknowledge
the fact that a larger cohort of patients would support the
validity of these findings, while a randomized controlled
trial would further strengthen internal validity. Moreover, it
is also necessary to acknowledge that while CXL is a stan-
dardized procedure, MARK is not because it involves cus-
tomized mini-incisions whose number, position, length, and
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Table 2. Preoperative and postoperative data for each patient, including average keratometry, central pachymetry, and visual acu-

ity with glasses

Kavg Kavg Pachymetry Pachymetry BSCVA BSCVA
(before) (latest) (before) (latest) (before) (latest)
Patient 1 43.5 39.25 415 421 2 7
Patient 2 46 37.25 440 520 4 9
Patient 3 53.5 50 309 311 4 6
Patient 4 49.5 46 440 457 1 4
Patient 5 46.5 55 460 464 2 3
Patient 6 46 43.25 480 488 4 8
Patient 7 42.25 39.75 449 454 8 9
Patient 8 4575 43.25 498 510 4 9
Patient 9 46.5 47 564 548 2 4
Patient 10 51 46.75 451 529 3 9
Patient 11 46 44 512 543 4 6
Patient 12 61.5 46 380 408 2 8
Patient 13 52 44 393 430 4 8
Patient 14 54.75 47 393 419 4 9
Patient 15 47.5 45 458 466 5 7

Kavg = mean keratometry; BSCVA = best spectacle-corrected visual acuity.

depth change with every patient. As a corollary, an ophthal-
mic surgeon with experience in incisional (both manual and
laser) surgery is a prerequisite for this combined procedure.
The general availability of more accurate instruments for
the diagnosis of KC is increasing, as well as awareness of
this condition by the general public, which has resulted in
diagnosis of a growing number of patients with KC. How-
ever, while medical research is progressing at an impressive
pace and CXL alone is able to halt corneal ectasia, as
showed by Snibson’s review [22], the patient’s visual acuity
still needs to be improved, which justifies the ‘CXL Plus’
approach. Because every CXL-combined protocol has pre-
cise indications and limitations, as outlined by Mastro-
pasqua [23], one can conclude that the more options the
ophthalmic surgeon has, the better it is for their patients.
The rationale for combination of MARK and CXL is
that the combined procedure can offer both corneal rein-
forcement and regularization, with the advantage of avoid-
ing corneal thinning (PRK/FemtoLASIK) or intracorneal
surgery (ICRS). Limitations include likely requiring glass-
es or contact lenses after surgery as well as very careful
patient selection, as MARK is indicated only within the

parameters that have been outlined previously. Rigorous
inclusion criteria are essential to prevent possible unwanted
complications deriving from inappropriate surgery, a num-
ber of which have been described in the literature and
summarized by Lovisolo et al. [24].

With the positive outcomes and limitations of the Rome
protocol outlined, it is possible to contextualize this re-
search, as other CXL-combined procedures showed mixed
results. Kanellopoulos and Asimellis [15] reported im-
proved visual acuity and mean keratometry after perform-
ing PRK combined with CXL, but also decreased corneal
thickness due to surface ablation. Similar findings were re-
ported for the combination of LASIK and CXL by Kanel-
lopoulos and Pamel [16]. El-Raggal [17], moreover, de-
scribed improved vision and keratometry with ICRS
combined with CXL, but did not discuss pachymetric
changes. Toric phakic intraocular lenses, when implanted
after CXL, also improved visual acuity and mean keratom-
etry, while pachymetric values were relatively stable ac-
cording to Fadlallah et al. [18]. Lastly, CKP followed by
CXL was described as producing results no different from
those with CXL alone [19]. The current literature on
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CXL-combined procedures, excluding CKP, therefore con-
firms significant gains in terms of visual acuity and mean
keratometry, but also outlines varying outcomes relating to
corneal thickness. MARK differs in this respect since it
does not result in corneal thinning because there is no ab-
lation and because post-keratotomy fibrotic cellular re-
sponses produce thicker collagen fibrils over the incisions
along with corneal flattening, a process that has been
widely discussed in the literature [25], without compro-
mising the patient’s vision due to the incisions’ distance
from the optical zone.

Lastly, some final considerations concerning MARK
surgery are required for greater conceptual clarity. The dif-
ferences between MARK mini-incisions and standard RK
incisions are particularly significant when treating KC,
mainly due to the fact that MARK surgery: i) uses very
short incisions (approximately 2 mm) compared to full-
length RK incisions; ii) applies less deep incisions (80% of
corneal thickness) than RK incisions; iii) requires few (3 to
5) customized mini-incisions that involve only a limited
angular span of the cornea, as opposed to the full angular
span involved with RK; and iv) does not preclude future
surgical options such as penetrating keratoplasty, due to the
fact MARK mini-incisions do not extend beyond a corneal
diameter of 8 mm peripherally, which means that they
would be included in the diameter of corneal tissue to be
removed and substituted with the corneal graft. These are
significant differences that are bound to affect long-term
stability and safety.

We showed that the combined intervention of MARK
and CXL (the Rome protocol) is effective at treating pro-
gressive KC and improving visual acuity based on analyses
of long-term follow-up data (a minimum of 5 years and an
average of 6.9 years). Mean keratometry and mean pa-
chymetry improved in 87% and 93% of cases, respectively,
while best corrected visual acuity increased in all cases. As
mentioned previously, further studies with larger cohorts
of patients are needed to confirm these results, and we also
acknowledge the need for careful patient selection as well
as experience with incisional surgery.

Surgical and parasurgical options for the treatment of
KC keep increasing in number due to the need to compre-
hensively treat keratoconic patients, which is reassuring
news for patients as well as for the medical and scientific
community. In the wider context, it cannot be stressed
enough that prevention is the best strategy for the treat-
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ment of this pathology, as an early diagnosis will likely re-
sult in early-stage CXL, which would probably prevent the
need for further surgery. Moreover, 10 years’ worth of fol-
low-up data for CXL is available due to the study of Raisk-
up et al. [26], and this data further confirms the importance
of treating progressive KC early and effectively. When this
is not the case, however, the availability of multiple surgi-
cal options, such as the MARK + CXL procedure, as well
as those outlined previously provides a wider treatment
spectrum for the ophthalmic surgeon who can then per-
form the most appropriate one taking each patient’s char-
acteristics into consideration.
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