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Purpose: To evaluate refractive, visual, and aberrometric changes in corneas with pellucid marginal degen-
eration (PMD) implanted with intracorneal ring segments (ICRS) during a 6-month follow-up.

Design: Retrospective, consecutive case series.
Participants: We included 21 consecutive eyes of 15 patients ranging in age from 21 to 73 years old and

with a diagnosis of PMD. This diagnosis was made on the basis of slit-lamp (inferior corneal thinning), corneal
topography (“butterfly” pattern), and refractive findings (significant against-the-rule astigmatism with best spectacle-
corrected visual acuity loss).

Methods: A multicenter, retrospective analysis of patients undergoing ICRS implantation for the manage-
ment of PMD in 4 ophthalmologic centers was performed. Surgery was indicated in all cases because of reduced
best spectacle-corrected visual acuity (BSCVA) and/or contact lens intolerance or dissatisfaction. Mechanical
corneal tunnelization was performed in 7 eyes and femtosecond laser-assisted tunnelization in 14 eyes. Intacs
were implanted in only 3 eyes whereas KeraRings in 18 eyes. Refractive and corneal aberrometric changes were
analyzed during a 6-month follow-up.

Main Outcomes Measures: Uncorrected corrected visual acuity (UCVA) and BSCVA, refraction, keratom-
etry, and root mean square (RMS) for different kinds of corneal aberrations.

Results: The UCVA did not improve at 6 months after surgery (P � 0.11). The BSCVA increased from a mean
preoperative value of 0.54 to a mean postoperative value of 0.75 (P � 0.06). At 6 months, 44.44% of eyes gained
�2 lines of BSCVA. Sphere (P � 0.02), cylinder (P�0.01), and spherical equivalent (P�0.01) were reduced
significantly after surgery (P�0.02). Mean keratometry decreased significantly from 44.95 diopters (D) preoper-
atively to 43.19 D at 6 months postoperatively (P�0.01). The RMS values for astigmatism, higher order residual,
and coma-like aberrations were significantly reduced with surgery (P � 0.03). In addition, significant negative
correlations of preoperative RMS astigmatism (r � �0.90) and primary spherical aberration (r � �0.86) with
postoperative BSCVA were also found. Segment ring explantation was performed in a total of 4 eyes owing to
poor visual outcome.

Conclusions: Implantation of an ICRS is an effective option for the treatment of 2nd-order and higher
aberrations in corneas with PMD. Preoperative corneal astigmatism and spherical aberration seem to be limiting
factors for a good visual outcome.
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Pellucid marginal degeneration (PMD) is an idiopathic,
progressive, noninflammatory, ectatic disorder character-
ized by a peripheral band of corneal inferior thinning in
a crescent-shaped pattern.1 The area of thinning is typi-
cally found in the inferior cornea, extending from the 4
o’clock to 8 o’clock positions,1 although PMD cases with
areas of superior thinning can also be found.2 This dis-
ease is usually asymptomatic, although a progressive
deterioration in uncorrected visual acuity (UCVA) and
best-corrected visual acuity can occur owing to the irreg-
ular astigmatism induced by the corneal ectasia in the

most advanced cases.
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Corneal topographic analysis reveals a flattening in the
vertical meridian, inducing a significant against-the-rule astig-
matism and a significant steepening around the area of maxi-
mum thinning.3 This corneal configuration corresponds with a
topographic map that shows the classical “butterfly” pattern.
Although corneal topography is an important tool for the
diagnosis of this corneal pathology, it should not be used as the
only diagnostic criterion. Indeed, it has been demonstrated that
a characteristic, claw-like pattern of peripheral steepening on
corneal topography is not always associated with the diagnosis
of PMD.4 Pachymetric and biomicroscopic findings must also

be considered for a reliable diagnosis.
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Several possible alternatives to manage PMD have been
described, such as rigid, gas-permeable contact lenses,5–7

intracorneal ring segment (ICRS) implantation,8–14 crescen-
tic lamellar keratoplasty,15 penetrating keratoplasty,16 and
corneal wedge excision.17 Regarding the ICRS, it was dem-
onstrated that the addition of extra material at the normal
corneal midperiphery induces a displacement of the local
anterior surface forward at this area. This modification
generates a peripheral steepening and a flattening of the
central portion of the anterior cornea owing to the morpho-
logic structure of the corneal lamellae.18 If it is assumed that
changes induced by ICRS in the normal cornea are similar
to those generated in the PMD cornea, these ring segments
would be able to minimize and center the peripheral corneal
protrusion, inducing a significant change in corneal asym-
metry and refraction (especially astigmatism). As a conse-
quence, visual acuity would be also expected to improve.
Our research group described and reported the first case
of PMD implanted successfully with ICRS.14 Since then,
several authors have reported astigmatic reductions8 –10,12

and improvements in best-spectacle corrected visual acu-
ity (BSCVA)8 –14 after ICRS implantation in corneas with
PMD. The improvement in BSCVA induced by ICRS in
this kind of corneas could be explained by the reduction
of corneal aberrations and asymmetry. However, this
issue has not still been analyzed and reported.

The aim of the present study was to analyze refractive,
visual, and corneal aberrometric changes in a large sample
of PMD corneas implanted with ICRS during a 6-month
follow-up. To the best of our knowledge, in this study we
present the largest series of cases of corneas with PMD
treated with ICRS. Furthermore, this study is the first that
attempts to analyze the corneal aberrometric changes that
occur in these corneas with these kinds of implants.

Patients and Methods

Patients

A retrospective analysis of outcomes of all patients who underwent
ICRS implantation for the management of PMD from September
2005 to February 2008 in 4 different ophthalmologic centers
(Spanish centers: Vissum Alicante, Vissum Sevilla and Vissum
Albacete; Turkish center: Dunya Eye Hospital from Istanbul) was
performed. Table 1 summarizes the contribution of each center to
the present study. Twenty-one consecutive eyes from 15 patients
with a diagnosis of PMD (9 unilateral and 6 bilateral) were

Table 1. Contribution of Each P

Investigator Surgeon

1 Dr Alió Vissum
2 Dr Morbelli Vissum
3 Dr Uceda Vissum
4 Dr Çoşkunseven Refract

Eye
ICRS � intracorneal ring segments.
included. This diagnosis was made on the basis of slit-lamp (in-
ferior corneal thinning and ectasia above the area of maximum
thinning), corneal topography (“butterfly” pattern, very steep contour
in the peripheral inferior cornea with high keratometric powers radi-
ating toward the center from the inferior oblique meridians), and
refractive findings (significant against-the-rule astigmatism with
BSCVA loss).9 In all cases, ICRS implantation was indicated because
of reduced BSCVA (�2 lines BSCVA) and/or contact lens intoler-
ance or dissatisfaction.

A comprehensive examination was performed in all cases be-
fore the ICRS implantation, which included Snellen UCVA (dec-
imal notation), Snellen BSCVA (decimal notation), manifest re-
fraction, slit-lamp biomicroscopy, Goldman tonometry, fundus
evaluation, ultrasonic pachymetry, and corneal topographic anal-
ysis. Because topographic data were collected from different pe-
riods and from 2 different centers, a total of 3 different corneal
topography systems were used for corneal examination: CMS 100
Topometer (G. Rodenstock Instrument GmbH, Ottobrunn, Ger-
many), CSO (CSO, Firenze, Italy), and Orbscan IIz system
(Bausch & Lomb, Rochester, NY). The first 2 devices are Placido-
based systems and the Orbscan II is a combined scanning-slit and
Placido-disc topography system. Although agreement between
these specific devices has not been reported, Orbscan and Placido-
based devices have been demonstrated to provide similar accuracy
and precision on calibrated spherical test surfaces.19 In this study,
the following topographic data were evaluated and recorded with
all corneal topographic devices: corneal dioptric power in the
flattest meridian for the 3-mm central zone (K1), corneal dioptric
power in the steepest meridian for the 3-mm central zone (K2),
mean corneal power in the 3-mm central zone (KM) and the
inferosuperior asymmetry index, calculated as the difference be-
tween the dioptric power at 3 mm below and above the corneal
geometric center. Additional topographic parameters were ana-
lyzed and recorded in patients examined with the CSO topographic
system (15 eyes): corneal astigmatism in the 3-mm central zone
(AST3), corneal astigmatism in the 6-mm central zone (AST6),
mean asphericity for a corneal area of 4.5-mm diameter (Q45), and
mean asphericity for a corneal area of 8-mm diameter (Q8).

During the process of consent for this surgery, consent was
taken to later include clinical information in scientific studies.
Ethical board committee approval of our institution was obtained
for this investigation. For all cases, a 6-month follow-up was
completed.

Corneal Aberrations of the Anterior Surface
Corneal aberrometry was also recorded and analyzed only in those
patients examined at all visits with the CSO topography system (10
eyes), because this device was the only one with the capability to
calculate directly this specific information. This topographic sys-
tem analyses a total of 6144 corneal points of a corneal area
enclosed in a circular annulus defined by an inner radius of 0.33
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and an outer radius of 10 mm with respect to the corneal vertex.
The software of the CSO, the EyeTop2005, automatically per-
forms the conversion of corneal elevation profile into corneal
wavefront data using the Zernike polynomials with an expansion
up to the 7th order. In this study, aberration coefficients and root
mean square (RMS) values were calculated for a 6-mm pupil in all
cases. The following parameters were analyzed and recorded: total
RMS, RMS for corneal astigmatism primary coma RMS (com-
puted for the Zernike terms Z3

�1), coma-like RMS (computed for
third-, fifth-, and seventh-order Zernike terms), spherical-like RMS
(computed for 4th- and 6th-order Zernike terms) and higher order
residual RMS (computed considering all Zernike terms except
those corresponding with primary coma and spherical aberration).
The corresponding Zernike coefficient for primary spherical aber-
ration (Z4

0) was also reported with its sign.

Surgery

Operative procedures were performed by a total of 4 different
surgeons, one from each participating center (JLA, HM, AUM,
EC). In all cases, an antibiotic prophylaxis before surgery consist-
ing of topical ciprofloxacin (Oftacilox; Alcon Cusí, Barcelona,
Spain) to be applied every 8 hours for 2 days was prescribed. All
procedures were performed under topical anesthesia.

Corneal tunnelization for facilitating the ring segment insertion
was performed using the mechanical procedure in a total of 7 eyes
(33.3%) and by means of femtosecond technology in 14 eyes
(66.6%). Incision was located on the steepest meridian of the
anterior corneal surface in all patients. A tunnel with inner and
outer diameters of 6.6 and 7.8 mm, respectively, was always
planned for Intacs implantation, whereas inner and outer diameters
of 4.8 mm and 5.7 mm, respectively, were planned for KeraRings
implantation. No complications occurred intraoperatively.

The mechanical operative procedure was initiated marking a
reference point for centration (pupil center) and performing a
radial incision of approximately 1.8 mm long. After this, a cali-
brated diamond knife was set at approximately 70% of the mean
corneal thickness determined by ultrasonic pachymetry. From the
base of the incision, pocketing hooks were used to create corneal
pockets on each side of the incision, taking care to maintain a
uniform depth. A device containing a semiautomated suction ring
was placed around the limbus, guided by the previously marked
reference point on the cornea. Two semicircular dissectors then
were placed sequentially into the lamellar pocket to be steadily
advanced by a rotational movement (counterclockwise and clock-
wise dissectors).20 In the femtosecond laser-assisted operative
procedure, the disposable glass lens of the laser system was first
applanated to the cornea to fixate the eye and help to maintain a

Table 2. KeraRings Nomogram Used for the Present Study: Seg
Spherica

Spherical
Equivalent (D)

All Ectasia Is Limited
to One Half of

the Cornea

75% of the Ectasia in One
of the Cornea and 25%

Situated in the Other Ha

� �10 25/35 25/35
�8 to �10 D 20/30 20/30
�6 to �8 D 15/25 15/25
�2 to �6 D 0/20 0/20

D � diopters.
For defining the distribution of the ectasia the cornea was divided into 2 h
segment thickness/lower segment thickness (0.25 mm/0.35 mm).
precise distance from the laser head to the focal point.21 Then, a
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continuous circular stromal tunnel was created at approximately
80% of corneal depth within 15 seconds with no corneal manip-
ulation.21 The 30-kHz IntraLase femtosecond system was always
used (IntraLase Corp, Irvine, CA).

Two different kinds of ICRS were used: Intacs (Addition
Technology, Inc, Fremont, CA) in only 3 eyes (14.29%) and
KeraRings (Mediphacos, Belo Horizonte, Brazil) in 18 eyes
(85.71%). All Intacs cases were implanted using the femtosecond
technology, whereas KeraRings were implanted using this same tech-
nology only in 11 eyes (52.38%). The remaining KeraRings cases
were implanted using the mechanical procedure (cases from Vissum
Albacete, where this technology was not yet available). Intacs were
always implanted following the protocol described and used by sev-
eral authors9,10,20: a 0.25-mm implant placed superiorly and a
0.45-mm implant placed inferiorly. Regarding KeraRings, the nomo-
gram defined by the manufacturer21 was used for defining the mo-
dality of implant (Table 2). In the analyzed sample, only 2 cases were
implanted with a single ring segment (9.52%).

Topical tobramycin and dexamethasone eye drops (TobraDex;
Alcon Laboratories, Inc, Fort Worth, TX) were used postopera-
tively every 6 hours for 1 week and stopped. Topical lubricants
were also prescribed to be applied every 6 hours for 1 month
(Systane, Alcon Laboratories, Inc, Fort Worth, TX).

Follow-up Evaluation
Postoperative visits were scheduled for the first postoperative day
and for months 1, 3, and 6 postoperatively. On the first postoper-
ative day, UCVA measurement and slit-lamp examination (ICRS
position and corneal integrity) were performed. We performed
UCVA and BSCVA measurement, manifest refraction, slit-lamp
biomicroscopy, and corneal topographic analysis at the rest of
postoperative visits.

Main Outcome Measures
We collected UCVA, BSCVA, spherocylindrical refraction, kera-
tometry, and corneal aberrometry measurements.

Statistical Analysis
The SPSS statistics software package version 10.1 for Windows
(SPSS, Chicago, IL) was used for statistical analysis. Normality of
all data samples was first checked by means of the Shapiro-Wilk
test. When parametric analysis was possible, the Student t test for
paired data was used for comparison between preoperative and
postoperative data and the Student t test for unpaired data was
performed to compare the outcomes of specific groups (mechani-

t Distribution and Thickness According to Area of Ectasia and
ivalent

Two thirds of the Ectatic Area in One
Half of the Cornea and One Third in

the Other Half

The Ectasia is Distributed
Evenly in Both Corneal

Halves

30/35 35/35
25/30 30/30
20/25 25/25
15/20 20/20

using the steepest meridian as axis of separation. Example: 25/35 � upper
men
l Equ

Half

lf

alves
cal vs femtosecond; explanted vs nonexplanted). When parametric
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analysis was not possible, the Wilcoxon rank sum test was used to
assess the significance of the differences between preoperative and
postoperative data and the Mann-Whitney test was used for the
comparison between groups. Statistical significance was consid-
ered when P�0.05.

Correlation coefficients (Pearson or Spearman depending if
normality condition could be assumed) were used to assess the
correlation between different variables. The efficacy index was
calculated as the ratio of the postoperative UCVA to the preoper-
ative best-corrected visual acuity and safety index as the ratio of
the postoperative best-corrected visual acuity to the preoperative
best-corrected visual acuity.

Results

A total of 21 eyes of 15 patients with a mean age of 44.19�15.78
years (range, 21–73) were analyzed in this study. There were 13
male (86.68%) and 2 female (13.33%) patients. Nine implanted
eyes were right eyes (42.9%) and 12 were left eyes (57.1%). No
cone opacity was observed in any case.

Refractive Outcomes

Refractive outcomes are summarized in Table 3. A statistically
significant reduction was observed in spherical equivalent at 6
months which changed from a mean value of �3.84 diopters (D)
preoperatively to a mean value of �0.87 D postoperatively
(P�0.01; Wilcoxon test). This change was consistent with the
significant reduction also found in sphere (P � 0.02; paired Stu-
dent t test) and cylinder (P�0.01; paired Student t test; Table 3).
Mean cylinder decreased from a mean preoperative value of �5.36
D to a mean postoperative value of �3.21 D. Mean sphere
changed from a mean preoperative value of �0.74 D to a mean
postoperative value of �0.75 D (hyperopic shift). No significant
correlations were found between postoperative BSCVA and pre-
operative sphere (r � �0.32; P � 0.31) or cylinder (r � 0.49; P �
0.10).

No statistically significant changes were observed in UCVA at

Table 3. Summary of Refrac

Parameter (range) Preoperatively 1 Month

UCVA 0.12�0.19
(0.02 to 0.70)

0.23�0.29
(0.02 to 1.20)

Sphere (D) �0.74�3.41
(�9.00 to �5.00)

0.63�4.07
(�6.00 to �9.00)

Cylinder (D) �5.36�1.59
(�8.25 to �2.50)

�3.53�2.06
(�8.00 to �0.75)

SE (D) �3.42�3.25
(�11.00 to �2.25)

�1.14�4.02
(�7.25 to �7.25)

BSCVA 0.54�0.32
(0.02 to 0.95)

0.63�0.33
(0.10 to 1.20)

Efficacy — 0.53�0.52
(0.02 to 1.67)

Safety — 1.29�0.91
(0.23 to 3.33)

No. of eyes† 21 17

BSCVA � best spectacle-corrected visual acuity; D � diopters; SE � sp
*The UCVA, sphere, cylinder, spherical equivalent, BSCVA, efficacy, an
value. Below each p-value the statistical test used is indicated.
†No data from explanted eyes were included after explantation to avoid
6 months (P � 0.11; Wilcoxon test). On the contrary, BSCVA
improved progressively during the postoperative follow-up, with a
change in the limit of statistical significance at 6 months (P �
0.06; Wilcoxon test). At 6 months after surgery, 44.44% of eyes
gained �2 lines of BSCVA (Fig 1). Losses of lines of BSCVA
were observed in 2 eyes at 3 months (14.28%) and in 3 eyes
(16.67%) at 6 months (Fig 1). In one of these eyes, ring segments
were explanted at 6 months owing to the poor visual outcome.

The mean efficacy and safety indices at 6 months were
0.84�1.33 (range, 0.11–5.00) and 1.87�2.27 (range, 0.78–9.00),
respectively. There was an improvement of both parameters be-
tween months 1 and 3 after surgery, although with no statistical
significance (efficacy, P � 0.07; safety, P � 0.99; Wilcoxon test;
Table 3).

Corneal Changes

Mean keratometry decreased significantly from 44.95 D preoper-
atively to 43.19 D at 6 months postoperatively (P�0.01; paired
Student t test; Fig 2). A significant reduction was also observed for
the steepest central curvature (K2 P�0.01; paired Student t test),
but not for the flattest (K1 P � 0.70; paired Student t test; Fig 2).

utcomes during Follow-up*

Months 6 Months P (preoperatively to 6 mos)

0.20�0.13
05 to 0.40)

0.29�0.19
(0.05 to 0.60)

0.11 (Wilcoxon)

0.78�3.93
00 to �8.00)

0.75�3.90
(�5.50 to �7.50)

0.02 (Paired Student t test)

3.52�2.01
50 to �1.00)

�3.21�1.80
(�6.00 to �1.00)

�0.01 (Paired Student t test)

0.97�3.73
50 to �7.25)

�0.87�3.55
(�6.00 to �6.25)

�0.01 (Wilcoxon)

0.68�0.28
40 to 1.20)

0.75�0.31
(0.30 to 1.20)

0.06 (Wilcoxon)

0.76�0.82
08 to 3.00)

0.84�1.33
(0.11 to 5.00)

—

1.46�0.88
44 to 3.33)

1.87�2.27
(0.78 to 9.00)

—

15 18

l equivalent; UCVA � uncorrected visual acuity.
ety outcomes are shown. Ranges are shown in brackets below each mean

g the final outcomes.

Figure 1. Changes in lines of best spectacle-corrected visual acuity
(BSCVA) postoperatively. At 6 months after surgery, 44.44% of eyes
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The inferosuperior asymmetry index decreased from a mean
preoperative value of 10.37�11.34 D to a mean postoperative
value of 7.60�10.03 D at 6 months. This change did not reach
statistical significance (P � 0.40; Wilcoxon test). Regarding the
topographic corneal parameters provided by the CSO system
(Table 4), statistically significant changes were found in Q8 at 6
months (Q8 P � 0.01; paired Student t test) and in corneal
astigmatism calculated in the central 3- and 6-mm zones (AST3,
P � 0.01; AST6, P � 0.01; paired Student t test).

The K2 (r � �0.86; P�0.01) and KM (r � �0.76; P�0.01)
were significantly correlated with postoperative BSCVA at 6
months, but not K1 (r � 0.05; P � 0.91). In addition, a correlation
in the limit of statistical significance was found between inferosu-
perior asymmetry index and postoperative BSCVA (r � �0.70;
P � 0.05).

Corneal Aberrations of the Anterior Surface

A detailed report of the corneal aberrometric outcomes is shown in
Table 5. At 6 months after surgery, a statistically significant
reduction was found in the RMS for corneal astigmatism (P �
0.03, Wilcoxon test) and also in the higher order residual (P �
0.03; paired Student t test) and coma-like RMS (P � 0.03; paired
Student t test). However, no statistically significant changes
were observed in the spherical-like RMS (P � 0.50; Wilcoxon
test) and primary spherical aberration coefficient (P � 0.74;
Wilcoxon test), which maintained the positive sign during all
the follow-up (Table 5).

Figure 2. Changes in keratometric parameters during the follow-up: cor-
neal dioptric power in the flattest meridian for the 3-mm central zone (K1;
green line), corneal dioptric power in the steepest meridian for the 3-mm
central zone (K2; gray line), and mean corneal power in the 3-mm zone
(KM; orange line). A statistically significant reduction was observed in K2
and KM, but not in K1. D � diopters.

Table 4. Summary of Changes Found in the Costruzione Strum
Ring Segme

Parameter Preoperatively 3 Months

AST3 (D) 8.68�4.95 5.38�5.1
AST6 (D) 7.21�4.58 4.21�4.1
Q45 0.20�0.76 �0.33�0.9
Q8 �0.04�0.63 0.28�0.6
No. of eyes* 10 8

AST3 � corneal astigmatism in the 3-mm zone; AST6 � corneal astigm
area of 4.5-mm diameter; Q8 � mean asphericity for a corneal area of 8-

*No data from explanted eyes were included after explantation to avoid biasin
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The preoperative RMS value for corneal astigmatism (r �
�0.90; P�0.01) and primary spherical aberration Zernike term
(r � �0.86; P � 0.01) were significantly correlated with postop-
erative BSCVA at 6 months. However, primary coma showed a
very weak correlation with postoperative BSCVA (r � �0.07;
P � 0.88).

Comparison between Mechanical and
Femtosecond-Guided Procedures
Table 6 shows a comparative analysis of the preoperative and early
postoperative refractive data for the 2 kind of operative procedures
used in this study for corneal tunnelization, mechanical and
femtosecond-assisted procedures. Sphere was increased (hyperopic
shift) at 1 month postoperatively using the mechanical tunneliza-
tion, whereas it was reduced when the femtosecond technology
was used (Table 6). It should be considered that statistically
significant differences between mechanical and femtosecond
groups were present preoperatively, with a higher percentage of
cases with positive sphere in the group of eyes implanted using the
mechanical dissection (Fig 3).

The cylinder was effectively reduced using both procedures.
No significant differences in postoperative cylinder were found
between operative techniques (Mann–Whitney test; P�0.70; Table
6). Comparison of aberrometric data was not feasible because all
patients evaluated with the CSO topography system were operated
on using the femtosecond-assisted tunnelization.

Complications
Segment ring explantation was performed in a total of 4 eyes
(19.0%). In all these cases, ring segments were explanted owing to
significant visual deterioration during the follow-up. In this series,
all the explanted ring segments were KeraRings. Table 7 shows a
comparative analysis of preoperative refractive and keratometric
data of explanted and nonexplanted eyes. A difference between
groups in the limit of statistical significance was only found for
cylinder (Table 7). Ring extrusion or migrations were not observed
in any case. No severe complications, such as infections, occurred.

Figure 4 shows the topographic changes occurred in 2 specific
cases, a successful and an explanted case. As shown, ring segments
induced no effect in corneal profile in the explanted case. In this
specific unsuccessful case a significant against-the-rule astigma-
tism was present preoperatively (8 D).

Discussion

Pellucid marginal degeneration is a progressive ectatic cor-
neal disease that can lead to a significant visual deteriora-

Oftalmici Topographic Corneal Parameters after Intracorneal
plantation

6 Months P (preoperatively to 6 mos)

4.77�4.42 0.01 (paired Student t test)
3.91�3.76 0.01 (paired Student t test)

�0.56�0.87 0.11 (paired Student t test)
0.24�0.65 0.01 (paired Student t test)

8 —

in the 6-mm zone; D � diopters; Q45 � mean asphericity for a corneal
iameter.
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tion. As topographic changes progress, large amounts of
against-the-rule astigmatism and coma-like aberrations are
induced.22 As in other corneal ectatic disorders,23–27 it was
demonstrated that the use of ICRS is very effective for
reducing astigmatism8–10,12 and improving BSCVA.8–14

The insertion of these ring segments (extra material) in the
deep stroma induces a modification of the central corneal
curvature and corneal shape. These changes are in direct
proportion to the thickness of the implant and in inverse
proportion to its diameter.18 In a healthy cornea, these
implants located on the midperipheral cornea generate a
central flattening due to the configuration of the stromal
collagen structure.18 However, this stromal configuration is
altered in the ectatic cornea, with a nonorthogonal lamellar
architecture.28,29 Relative centration and minimization of
the peripheral corneal protrusion were observed after ICRS
implantation in corneas with PMD.12–14 The present study
attempts to characterize the refractive and aberrometric ef-
fect of ICRS in this specific group of ectatic corneas,
namely, corneas with PMD. These changes would be the

Table 5. Summary of Cor

Parameter Preoperatively 1 Month

Total RMS (microns) 12.76�11.75
(4.36 to 42.04)

8.90�7.17
(2.41 to 24.30)

Astigmatism RMS (microns) 6.29�5.05
(1.66 to 17.50)

4.74�4.50
(0.83 to 15.13)

Primary coma RMS (microns) 1.40�0.87
(0.25 to 3.14)

1.68�1.75
(0.27 to 6.33)

Z4
0 (microns) 0.60�0.43

(0.11 to 1.41)
0.77�1.01

(�0.11 to 3.43)
Residual RMS (microns) 2.38�1.03

(0.83 to 4.41)
2.41�1.72

(0.40 to 6.43)
Spherical-like RMS (microns) 1.22�0.59

(0.44 to 2.22)
1.36�1.49

(0.44 to 5.40)
Coma-like RMS (microns) 2.72�0.80

(1.48 to 4.14)
2.64�2.14

(0.45 to 8.00)
No. of eyes† 10 8

Coma-like � terms third and fifth order; primary coma � terms Z3 � 1; pr
except Z3

�1 and Z4
0; RMS � root mean square; spherical-like � terms 4

*Changes in total RMS, astigmatism RMS, primary coma RMS, primary
shown. Ranges are given in brackets below each mean value.
†No data from explanted eyes were included after explantation to avoid

Table 6. Summary of Refractive Outcomes Dependin
Segment

Parameter

Mechanical (7 eyes)

Preoperatively 1 Month Postop Preo

UCVA 0.07�0.07 0.14�0.16 0.
Sphere (D) �1.75�2.46 �5.00�3.16 �2.
Cylinder (D) �5.39�0.76 �3.25�1.70 �5.
SE (D) �0.95�2.55 �3.35�3.38 �4.
BSCVA 0.35�0.31 0.49�0.20 0.

BSCVA � best spectacle-corrected visual acuity; D � diopters; SE � sp
*A comparative analysis of the preoperative and early postoperative data
Statistical significance of differences between groups preoperatively and

Mann–Whitney tests).
result of the modification of corneal biomechanical behavior
induced by the implants as a consequence of changes in the
distribution of corneal peripheral lamellae.

Case reports or studies including a limited number of
cases of PMD implanted with ICRS were only reported
previously due to the complexity of finding such cases in
clinical practice.8–14 In this study, we collected data retro-
spectively from 4 ophthalmologic centers to obtain a sig-
nificant number of cases. To the best of our knowledge, the
current study includes the largest reported series of cases of
PMD implanted with ICRS (21 eyes).

In our series, a statistically significant reduction was
found in sphere and cylinder after ICRS implantation. On
average, manifest astigmatism was reduced with the im-
plants by 50%. This reduction in spherocylindrical error was
consistent with changes reported in previous studies and
case reports.8–13 Furthermore, a trend toward postoperative
increasing hyperopia after ICRS implantation was observed.
This seems logical because it is supposed that ring segments
induce a central corneal flattening and then a reduction of

Aberrometric Outcomes*

3 Months 6 Months P (preoperatively to 6 mos)

11.26�15.98
(3.23 to 47.35)

11.63�15.76
(3.35 to 47.19)

0.50 (Wilcoxon)

3.96�5.15
(0.39 to 14.89)

3.99�4.76
(0.28 to 14.13)

0.03 (Wilcoxon)

1.19�0.51
(0.38 to 1.90)

1.34�0.37
(0.85 to 1.90)

0.37 (Paired Student t)

0.50�0.55
�0.21 to 1.31)

0.55�0.78
(�0.05 to 2.14)

0.74 (Wilcoxon)

1.43�0.69
(0.75 to 2.64)

1.32�0.50
(0.62 to 1.98)

0.03 (Paired Student t)

0.95�0.44
(0.51 to 1.53)

0.96�0.80
(0.35 to 2.50)

0.50 (Wilcoxon)

1.79�0.62
(0.90 to 2.59)

1.73�0.56
(0.95 to 2.45)

0.03 (Paired Student t)

8 —

spherical aberration � term Z4
0; residual aberrations � all Zernike terms

d 6th order.
rical aberration coefficient, spherical-like RMS and coma-like RMS are

g the final outcomes.

the Operative Procedure Used for Intracorneal Ring
ntation*

tosecond (14 eyes) P

ely 1 Month Postop Preoperatively Postoperatively

.27 0.29�0.34 0.73 0.17

.14 �1.19�2.85 0.01 �0.01

.92 �3.65�2.25 0.70 0.88

.83 �3.01�2.52 0.01 �0.01

.29 0.69�0.36 0.08 0.26

l equivalent; UCVA � uncorrected visual acuity.
ined using the mechanical and femtosecond-guided procedures is shown.
operatively is provided in this table for each refractive parameter (all
neal

(

imary
th an
sphe
g on
Impla
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perativ

17�0
08�3
35�1
75�2
64�0

herica
obta
post
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the corneal and ocular refractive power, leading theoreti-
cally to a postoperative hyperopia. However, this fact was
not confirmed in our series. There were cases with myopic
astigmatism and very important postoperative hyperopic
shift. In addition, no significant correlation was found
between preoperative sphere and postoperative visual
outcome.

Mean corneal curvature was reduced significantly with
the ICRS, as in previous experiences.8–14 This flattening
effect was due to the significant reduction of curvature that
occurred in the steepest meridian. This fact could be ex-
plained by the combination of 2 flattening factors, the in-
sertion of the midperipheral implants, and the weakening
effect induced by corneal incision. This significant flatten-
ing was consistent with the significant reduction observed in
sphere.

A reduction, although not significant, was found in in-
ferosuperior asymmetry, which implies that ring segments
were inducing a relative centration of the peripheral corneal
protrusion. In addition, all corneal astigmatic coefficients
(only obtained with the CSO topography system) were
significantly reduced after ICRS implantation. A significant
change was also found in corneal asphericity, with a trend
toward oblateness (in concordance with central flattening
and spherical reduction).

To the best of our knowledge, this is the first report on
anterior corneal aberrometric outcomes after ICRS implan-
tation in corneas with PMD. It should be remembered that
anterior corneal aberrometric analysis is a very important
tool in the clinical practice for evaluating the ocular optical
quality because the first refractive interface (air–cornea) is
the most important contributor to the total power of the eye
because of the large difference in refractive index existing
at this point. In highly aberrated corneas, such as in PMD,
the corneal aberrations of the anterior corneal surface
are the most important sources of optical errors in the
eye. In the current study, we found that astigmatism,
higher order residual, and coma-like aberrations were
significantly reduced with surgery. In addition, a reduction
in spherical-like aberrations was also observed, but this change
did not reach significance. All these changes in corneal aber-

Figure 3. Distribution of preoperative sphere in the group of eyes operated
using the mechanical dissection and in the group of eyes operated using
the femtosecond laser technology. As shown, a higher percentage of cases
with positive sphere was present in the group of eyes implanted using the
mechanical dissection.
rations were consistent with the improvement in BSCVA
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(55.55% of eyes gaining lines of BSCVA) and also with the
reduction in inferosuperior asymmetry. These findings sup-
ports the conclusions reached by Shabayek and Alió,21 who
found a significant reduction in higher order RMS for those
eyes with a relatively high preoperative RMS (�3.0 mi-
crons) and implanted with KeraRings using the femtosec-
ond laser for corneal tunnelization. Furthermore, it should
be remarked that primary spherical aberration was not mod-
ified significantly with the implants, maintaining the posi-
tive sign during all follow-up.

When comparing operative techniques for corneal tun-
nelization, no significant differences in cylindrical correc-
tion were found between techniques. On the contrary, the
eyes implanted with the mechanical procedure experienced
an increase in sphere in the early postoperative period,
whereas a reduction of this parameter was observed in those
eyes implanted using the femtosecond technology. A statis-
tically significant difference between techniques was found
in sphere postoperatively, but this difference was also
present preoperatively. A significantly higher percentage of
cases with positive sphere was present in the group of eyes
implanted using the mechanical dissection. It is logical to
think that an increase in sphere could have happened in
these cases with hyperopic astigmatism as a consequence of
the central flattening induced by the segments. However, we
found several hyperopic shifts in eyes with myopic astig-
matism. Therefore, we cannot extract general conclusions
regarding sphere in this comparative analysis. Carrasquillo
et al30 did not find previously statistically significant differ-
ences in refractive and visual acuity outcomes between
mechanical and femtosecond-guided procedures when im-
planting ICRS in corneas with keratoconus and post-LASIK
ectasia. Differences in corneal aberrometric changes in-
duced by each operative procedure could not be analyzed

Table 7. Comparative Analysis of Preoperative Refractive and
Keratometric Data of Explanted and Nonexplanted Eyes*

Parameter Explanted (4 eyes) Nonexplanted (17 eyes) P

UCVA 0.08�0.09
(0.02 to 0.15)

0.12�0.20
(0.02 to 0.70)

0.99

Sphere (D) �1.56�2.13
(0.00 to �4.50)

�1.31�3.48
(�9.00 to �5.00)

0.10

Cylinder (D) �6.81�1.72
(�8.25 to �4.50)

�5.00�1.38
(�8.00 to �2.50)

0.05

SE (D) �1.84�2.81
(�4.00 to �2.25)

�3.81�3.31
(�11.00 to �2.00)

0.34

BSCVA 0.59�0.35
(0.10 to 0.95)

0.53�0.32
(0.02 to 0.95)

0.68

K1 (D) 39.64�2.09
(37.26 to 41.16)

41.01�2.24
(37.17 to 44.90)

0.66

K2 (D) 50.60�2.29
(49.15 to 53.24)

48.24�3.94
(42.00 to 55.60)

0.23

KM (D) 44.96�0.25
(44.72 to 45.21)

44.74�2.29
(40.85 to 48.40)

0.64

D � diopters; BSCVA � best-spectacle corrected visual acuity; K1 �
corneal dioptric power in the flattest meridian for the 3 mm central zone;
K2 � corneal dioptric power in the steepest meridian for the 3 mm central
zone; KM � mean corneal power in the 3-mm zone; SE � spherical

equivalent; UCVA � uncorrected visual acuity.
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because all corneas examined with the CSO system were
operated on using the femtosecond technology.

No severe complications were observed during the
6-month follow-up of this study. Explantation of the ICRS
was performed in 4 eyes owing to the poor visual quality
outcome. A significantly higher level of astigmatism was
found in this group of explanted eyes. Therefore, the mag-
nitude of manifest astigmatism seems to have an important
role in the success of this treatment option. Corneas with
PMD and a significant astigmatic configuration could be
associated to a specific corneal structure limiting the effect
of ring segments and providing poorer outcomes. It was
demonstrated that lamellar structure of ectatic corneas is
different compared with normal corneas with regions of
more highly aligned collagen intermixed with regions in
which there was little aligned collagen (distortion of the
orthogonal lamellar matrix).28,29 Probably in these cases
with PMD and a significant astigmatic configuration the
distribution of corneal lamellae is highly irregular with poor
or unpredictable response to a peripheral addition of tissue.
In any case, future studies are required to understand how
the configuration of ectatic corneal structure is modified or
altered with the ICRS.

Furthermore, we found some factors correlated with the
postoperative BSCVA outcome. The RMS for corneal astig-
matism and primary spherical aberration were found to be in
linear relation with postoperative BSCVA. Specifically, the

Figure 4. Topographic changes occurring after intracorneal ring segmen
(C and D). The upper figures show the preoperative (A) and 1-month postop
of 3.25 diopters in cylinder and postoperative best spectacle-corrected vis
1-month postoperative (D) corneal topographies in a case with an unsucc
last case, ring segments were finally explanted.
larger the preoperative RMS for astigmatism or spherical
aberration term, the poorer the postoperative visual out-
comes was. Therefore, corneal and manifest astigmatism
seem to be limiting factors for a good visual prognosis
after ICRS implantation. All these limiting factors should
be considered before any ICRS implantation in corneas
with PMD to establish the convenience of the operative
procedure.

In conclusion, ICRS implantation—Intacs or KeraRings—
is an effective option for the treatment of 2nd-order and
higher aberrations in corneas with PMD. Anterior corneal
higher order aberrations (higher order residual and coma-
like) are reduced significantly after ICRS implantation in
concordance with an improvement in BSCVA. The magni-
tude of corneal astigmatism and primary spherical aberra-
tion seem to be important limiting factors for a good visual
outcome with this operative therapeutic option. In this
study, only a 6-month follow-up could be completed. Future
studies of the outcomes with ICRS in corneas with PMD in
the long term are required to corroborate the stability of
these implants.
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