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Purpose: To study the compensatory corneal epithelial changes after femtolaser-assisted intracorneal ring segment (ICRS) implanta
tion in early and moderate cases of keratoconus (KC) using anterior segment optical coherence tomography (AS-OCT).
Patients and Methods: A prospective observational non-randomized study of 40 eyes with mild to moderate KC received 
femtolaser-assisted ICRS implantation. Ferrara ICRS with different arc lengths and thicknesses were used according to the patients’ 
tomographic pattern. Patients had a clear central cornea, keratometry reading < 60 diopters, and corneal thickness > 400 microns. AS- 
OCT was performed preoperatively and at 1, 3, and 6 months after surgery. Corneal epithelial thickness (CET) was measured over 17 
points (2 mm central and 16 points on 2–5 mm and 5–7 mm annular zones) over the pupil center. All data were collected and analyzed.
Results: Comparing the preoperative and postoperative data, there was a statistically significant increase in the CET postoperatively 
throughout the 6-month follow-up period in all zones (p<0.001). The epithelial thickness (ET) was noticed shortly around and central 
to the ring ridges by the first month (5–7 mm zone). By the third month, the flattened central cornea (2 mm zone) and the 2–5 mm zone 
showed a significant increase in ET up to the 6th month.
Conclusion: ICRS implantation in KC results in a thicker and more regular epithelium in the central corneal zone as a secondary 
response to the corneal stromal changes induced by the implants.
Keywords: keratoconus, Ferrara rings, epithelial thickness, AS-OCT

Introduction
Keratoconus (KC) is a progressive corneal disease characterized by thinning and steepening of the cornea, high myopia, 
irregular astigmatism, and decreased visual acuity.1 Treatment of KC includes rigid gas-permeable contact lenses, ICRS 
implantation, corneal surface ablation combined with corneal crosslinking (CXL), phakic toric intraocular lens implanta
tion, and lamellar or penetrating keratoplasty.2–5 Corneal Allogenic Intrastromal Ring Segments (CAIRS), of a donor 
cornea were also used in patients with keratoconus.6

The ICRS was first introduced by Blevatskaya in 1966 to treat myopia and later used by Colin3 in 2000 to treat KC.
ICRS changes the corneal curvature, enhancing its refractive properties and improving vision. It has been proved that 

ICRS implantation decreases the keratometry readings, spherical equivalent, and cylinder, reduces high-order aberrations, 
and improves both the uncorrected and corrected visual acuity.7

ICRS works by flattening and reshaping the steep part of the keratoconic corneas. Ring segment implantation in the 
cornea’s periphery causes local separation of the corneal lamellae and shortens the corneal arc length. This flattening 
effect on the cornea reduces myopia by lowering its optical power. Another theory states that flattening of the cornea 
occurs when tissue is added to the corneal periphery or tissue is removed from the center of the cornea (thickness law).8 
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It has been proved that the flattening observed after ICRS implantation is directly proportional to the thickness of the 
implanted segment and inversely proportional to the corneal diameter of the implantation site, meaning that the thicker 
and the smaller the ICRS diameter, the higher the corneal flattening effect.9 Commercially available types of ICRS with 
variable thicknesses, geometries, and diameters for corneal stabilizing effect and restoring visual acuity in patients with 
KC are commercially available.10

Nomograms are clinical guidelines offered by ICRS companies to determine the important parameters for the 
procedures. Based on the pentacam corneal tomography, the patient data are entered into the online nomogram. The 
nomograms are based on patients’ data, not on mathematical calculations.

Materials and Methods
This study was carried out in Ain Shams University Hospitals and the Eye Subspeciality Center, Cairo, Egypt. The study 
is adherent to the Declaration of Helsinki involving human subjects and had approval from the Ain Shams University 
Faculty of Medicine Research Ethical Committee Review Board (FWA 000017585). Written informed consent was 
obtained from all patients.

The inclusive criteria included age > 18 years, early to moderate KC (Amsler Krumeich classification), contact lens 
intolerance, impaired vision with spectacle correction, average keratometry reading < 60 diopters, corneal pachymetry >  
400 microns in the site of the corneal tunnel, and absence of significant central corneal scarring. One eye from each 
patient was included in the study.

The exclusion criteria included acute hydrops, progressive or advanced KC, keratitis, history of herpetic disease, 
corneal dystrophy, previous CXL, glaucoma, retinopathy, retinal detachment or degeneration, neuro-ophthalmic disease, 
systemic connective tissue or autoimmune diseases, severe dry eye, and pregnant women.

Medical and family histories were taken from all patients. Contact lens discontinuation 2 weeks before the examina
tion was necessary for appropriate corneal measurements. Auto refractometer and C Landolt chart measuring the 
uncorrected and corrected distance visual acuity were done. A slit lamp examination was performed for the anterior 
segment, cornea, Fleischer ring, Vogts stria, and cornea lid relationship (Munson sign). Fundus examination was done 
through a dilated pupil using slit lamp bio-microscopy and indirect ophthalmoscope. Pentacam, Scheimpflug imaging 
(Oculus Optikgerate GmbH, Wetzlar, Germany) was used to detect early KC.

Anterior segment optical coherence tomography (AS-OCT, Zeiss Cirrus HD 5000; Carl Zeiss Meditec, Germany) was 
used to measure the corneal epithelium thickness (CET) preoperatively and postoperatively for all patients. The Ferrara 
ICRS (AJL Ophthalmic, Álava, Spain) with different arc lengths and thicknesses was used in the procedure.

The surgical procedure was performed in the operating room under complete aseptic conditions using topical 
anesthesia benoxinate hydrochloride 0.4% eye drops (Benox®, Epico, Inc., Cairo, Egypt).

ICRS was inserted into a previously performed corneal tunnel of deep corneal stroma using the 500-kHz VisuMax 
femtosecond laser (VisuMax®, Carl Zeiss Meditec AG, Jena, Germany). The data provided by the nomogram included 
the number of segment rings, their arc length, thickness, and the location of insertion. Single 160° ICRS, double 160° 
ICRS, 210° ICRS, and 320° ICRS were used. The femtosecond laser creates tunnels and incisions at a frequency of 500 
kHz, and a wavelength of 1043 nm. The tunnel depth was selected to be 80% of the corneal thickness. The auto- 
centration and fixation using the contact glass and the suction pressure were done through the docking procedure. The 
tunnel numbers depended on the number of segments to be inserted. The patient was automatically released from the 
laser system contact glass when the incisions and tunnels were completed. The patency of the incisions and tunnels was 
tested before ring implantation. The ICRS was placed with special forceps through the dialing holes at the ends of the 
segments until it was completely buried within the tunnel. Postoperative treatment included topical antibiotics (moxi
floxacin eye drops 0.5%, Alcon, Novartis, Geneva, Switzerland) and topical corticosteroids (prednisolone acetate eye 
drops 1%, Allergan, Irvine, California, USA). Eye drops were instilled three times daily for 2 weeks and tapered over the 
following 2 weeks. All patients were seen on day one and followed up after one week, one month, three months, and six 
months postoperatively. The AS-OCT was done postoperatively at one, three, and six months for each patient to measure 
the CET over the central 2 mm zone and the 16 points on 2–5 mm and 5–7mm annular zones. All data were collected and 
analyzed.
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Statistical Analysis
Statistical Package for Social Sciences (SPSS) version 25 (IBM Corporation, Chicago, IL, USA) was used for the 
statistical analysis. Mean and standard deviations were used to present quantitative data for the analysis of the study. The 
two-way repeated measure ANOVA with time points (4 levels) and zone points (8 levels) was used to analyze the corneal 
epithelial thickness. If the interaction term between two factors proved to be statistically significant, the simple effects 
were tested using post-hoc Bonferroni correction to present and compare the outcome variable, ie, comparing the 
thickness in zone points across time points and comparing the thickness at each time point between zone points. In all 
tests, a p-value of ≤0.05 was considered statistically significant.

Results
This study included 40 eyes of 40 patients with a mean age of 24.5 ± 5.1 years, 22 females (55%), 18 males (45%), 20 right eyes 
(50%), and 20 left eyes (50%). No intraoperative or postoperative complications were encountered in this group of patients. 
Comparing the pre-and post-operative epithelial thickness (ET), there was a significant increase in CET in all three studied zones 
that occurred after ICRS implantation and continued throughout the 6 months follow-up period of the study. By the first 
postoperative month, there was a significant increase in thickness, especially in the areas close, around, and central to the ridge of 
the ring (the 5–7 mm zone). The mean preoperative CET at the 5–7 mm zone was 42.71 ± 2.23 μm. The mean postoperative CET 
at the 5–7 mm zone was 45.38 ± 2.17, 47.09 ± 1.85, and 47.72 ± 1.1.76 μm at one, three, and 6 months, respectively (Table 1).

Thickness increased by the third month and tended to be stable by the 6th postoperative month. The CET at different 
points of the 5–7 mm zone at different time intervals is shown in (Figure 1).

By the third postoperative month, the 2 mm central zone that was flattened by the mechanical effect of the ring showed 
a statistically significant increase in the CET at different time intervals, which continued to increase up to the 6th postoperative 
month. The mean preoperative CET at the 2 mm zone was 39.33 ± 3.28 μm. The mean postoperative CET at the 2 mm zone 
was 40.83 ± 2.56, 45.65 ± 2.23, and 46.53 ± 2.10 μm at one, three, and 6 months, respectively (Table 1).

The mean (ET) in the central 2 mm zone showed a statistically significant increase at different points in time 
throughout the study (Figure 2).

At about the same time, in the third month, the 2–5 mm zone showed a significant increase in the CET up to the 6th 
postoperative month. The mean preoperative CET at the 2–5mm zone was 39.07 ± 2.29 μm. The mean postoperative 
CET at the 2–5 mm zone was 42.17 ± 2.05, 45.65 ± 1.76, and 46.00 ± 1.169 μm at one, three, and 6 months, respectively 
(Table 1). The increase in CET at different points of the 2–5 mm zone at different points in time is shown in (Figure 3).

Figure 4 summarizes the pre-and post-operative CET in the three studied zones after ICRS implantation throughout 
the 6-month follow-up period.

Table 1 Mean and SD of the CET (μm) Measured by as-OCT on 17 Points Over the Pupil Center at 
Different Time Intervals Through 6 Months After ICRS Implantation

The Zone Points Pre- Operative One Month Three Months Six Months

5–7 mm zone Temporal 42.30 ± 5.21 45.40 ± 3.46 47.20 ± 2.29 47.55 ± 2.33

Upper Temporal 46.53 ± 2.59 47.05 ± 2.17 47.93 ± 2.14 48.63 ± 1.92

Upper 47.45 ± 2.53 48.18 ± 2.22 48.43 ± 2.04 48.78 ± 2.06

Upper Nasal 47.18 ± 3.03 48.25 ± 2.64 48.53 ± 2.37 48.93 ± 2.42

Nasal 42.90 ± 5.00 45.50 ± 3.95 47.18 ± 2.85 47.93 ± 2.49

Lower Nasal 39.23 ± 5.07 43.28 ± 4.09 45.95 ± 3.06 46.58 ± 2.88

Lower 37.65 ± 4.51 42.60 ± 3.86 45.90 ± 2.87 46.63 ± 2.78

Lower Temporal 38.48 ± 5.16 42.78 ± 4.15 45.65 ± 3.32 46.75 ± 2.77

(Continued)
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The effect of time at different zone points in 2–5mm and 5–7 mm zones showed statistically significant increases 
throughout the 6-month study (p<0.001). However, some zone points did not show significant changes at certain time 
intervals at p ≥ 0.05 (Table 2)

Comparing the differences in CET in each of the three studied zones at different time intervals throughout the study, 
there was a statistically significant difference at p <0.001(Table 3).
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Temporal Upper Temporal Upper Upper Nasal Nasal Lower Nasal Lower Lower Temporal

Figure 1 Mean and 95% confidence level of the corneal epithelial thickness in different points of the 5–7 mm zone at different points in time. Mauchly’s test for sphericity 
was statistically significant with p<0.001. Greenhouse-Geisser p values were statistically significant (<0.001) for the effects and the interaction between time points and zone 
points, comparing the thickness at zone points across the time points and comparing the thickness at each time point between the zone points.

Table 1 (Continued). 

The Zone Points Pre- Operative One Month Three Months Six Months

Mean CET of 5–7 mm zone 42.71 ± 2.23 45.38 ± 2.17 47.09 ± 1.85 47.72 ± 1.76

Central 2 mm zone 39.33 ± 3.28 40.83 ± 2.56 45.65 ± 2.23 46.53 ± 2.10

2–5 mm zone Temporal 38.88 ± 4.11 42.23 ± 3.34 45.40 ± 2.98 46.40 ± 2.32

Upper Temporal 42.20 ± 4.21 43.60 ± 3.31 46.03 ± 2.72 46.70 ± 2.29

Upper 42.25 ± 4.97 43.98 ± 3.38 46.40 ± 2.37 46.80 ± 2.14

Upper Nasal 42.30 ± 4.78 44.15 ± 3.17 46.65 ± 2.32 46.83 ± 2.17

Nasal 39.63 ± 4.63 42.45 ± 3.46 45.58 ± 2.75 45.93 ± 2.41

Lower Nasal 36.03 ± 2.69 40.43 ± 2.62 44.35 ± 2.70 45.43 ± 2.51

Lower 35.50 ± 2.75 40.25 ± 3.47 43.83 ± 3.02 45.10 ± 2.89

Lower Temporal 35.80 ± 3.46 40.28 ± 3.09 43.88 ± 2.94 44.85 ± 2.69

Mean CET of 2–5 mm zone 39.07 ± 2.29 42.17 ± 2.05 45.26 ± 1.76 46.00 ± 1.69

Notes: All zone points showed a statistically significant increase in CET at different time intervals throughout the 6 months period 
of the study. The mean epithelial thickness was ≥ 5 μm 6 months after surgery (bold values). 
Abbreviations: SD, standard deviation; CET, corneal epithelial thickness; AS-OCT, anterior segment optical coherent tomo
graphy; ICRS, intracorneal ring segment.
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Discussion
ICRS implantation can improve vision, and contact lens tolerance, and delay or prevent the need for keratoplasty.4,7 

Femtosecond laser-assisted technique offers a high precision level, minimal direct manipulation, and efficiency with a low 
incidence of complications. AS-OCT has a valuable role in the early diagnosis of KC, and CET measurements, and in 
following up the ICRS procedures.11,12 Multiple studies13,14–19 have been done regarding AS-OCT, ICRS implantation, and 
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Figure 2 Mean and 95% confidence level of the central 2 mm zone of the cornea at different points in time. All pairwise comparisons of the mean epithelial thickness at the 
center showed a statistically significant difference.

Temporal   Upper Temporal     Upper          Upper Nasal        Nasal          Lower Nasal        Lower Lower Temporal
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Figure 3 Mean and 95% confidence level of the corneal epithelial thickness in different points of the 2–5 mm zone at different points in time. Mauchly’s test for sphericity 
was statistically significant with p<0.001. Greenhouse-Geisser p values were statistically significant (<0.001) for the effects and the interaction between time points and zone 
points, comparing the thickness at zone points across the time points and comparing the thickness at each time point between the zone points.
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KC. These studies concern the depth of the rings,13,17 position of the rings,15,16 corneal tomography,14 corneal curvature, 
corneal thickness,16 and corneal aberrations.18 A study done by Reinstein et al19 l described epithelial remodeling after Intacs 
ICRS implantation in five myopic patients using very high-frequency digital three-dimensional ultrasound scanning (VHF). 
Thickness maps of epithelium, stroma, and full cornea were done before and three months after Intacs insertion, and the 
induced thickness profile was studied. Epithelial compensation was noted with thickening adjacent to the ICRS. A similar 
compensatory epithelial response was encountered in this current study using the AS-OCT after ICRS implantation.

The literature is deficient in studying the CET in KC and ICRS implantation using AS-OCT and Femtolaser. A study 
was done by David et al,20 to assess epithelial corneal remodeling by AS-OCT in 68 keratoconic eyes implanted with 
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Figure 4 Mean and 95% confidence level of the corneal epithelial thickness in each zone at different points in time.

Table 2 Pairwise Comparisons for Zone Points 2–5mm and 5–7 Mm Throughout a 6-Month Study Showing the Effect of Time at 
Different Zone Points

Zone Zone Points Preop. to 1 
Month

Preop.to 3 
Months

Preop.to 6 
Months

1 to 3 
Months

1 to 6 
Months

3 to 6 
Months

2–5 mm 

zone

Temporal <0.001 <0.001 <0.001 <0.001 <0.001 0.002

Upper Temporal <0.001 <0.001 <0.001 <0.001 <0.001 0.008

Upper <0.001 <0.001 <0.001 <0.001 <0.001 0.529

Upper Nasal <0.001 <0.001 <0.001 <0.001 <0.001 0.655

Nasal <0.001 <0.001 <0.001 <0.001 <0.001 0.053

Lower Nasal <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Lower <0.001 <0.001 <0.001 <0.001 <0.001 0.001

Lower Temporal <0.001 <0.001 <0.001 <0.001 <0.001 0.006

(Continued)
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Ferrara ICRS with different arc lengths, and thicknesses. In all cases, they reported significant epithelial changes that 
occurred a short time after ICRS implantation. A significantly increased ET was seen close to and around the ridge of the 
ring central to the ICRS. A maximum ET in the 6 mm zone of the central cornea was observed 6 months after surgery in 
all cases. This agrees with our study.

In the current study, all zones showed a statistically significant increase in the mean ET ≥ 5 μm 6 months after surgery. 
David et al20 reported a significant increase of ≥ 5 μm and a significant increase of < 5 μm in the 6 mm of CET with no 
changes in the thickness in some points in the 3–6 mm zone 6 months after surgery. We also encountered some points in the 
2–5 mm and 5–7 mm zones, where there was no change in CET 6 months after surgery, a common finding in both studies.

David et al20 reported that the areas of epithelial thickening in response to ICRS differed according to the used ICRS arc. At 6 
months after ICRS implantation, they reported a significant epithelial thickening at the apex of the cone in all patients but they 
reported no changes in the ET in the central 3.00 mm zone after surgery when using 2100 ICRS. In the current study, and contrary 
to this finding, it has been found that whatever the arc of ICRS used, there was a statistically significant increase in CET in the 
central 2.00-mm zone. This can be explained by the fact that since all types of ICRS have the same mechanical flattening effect on 
the center of the cornea, the compensatory epithelial effect and the subsequent increase in the CET in this zone would occur in all 
types of ICRS.

The significant increase in the thickness of the CET in the 2–5 mm zone in this study, could be a part of the 
compensatory epithelial response to the stromal rearrangement after ICRS implantation.

Table 2 (Continued). 

Zone Zone Points Preop. to 1 
Month

Preop.to 3 
Months

Preop.to 6 
Months

1 to 3 
Months

1 to 6 
Months

3 to 6 
Months

5–7 mm 
zone

Temporal <0.001 <0.001 <0.001 <0.001 <0.001 0.039

Upper Temporal 0.024 0.001 <0.001 0.002 <0.001 0.007

Upper 0.015 0.007 0.001 0.959 0.080 0.127

Upper Nasal 0.003 0.001 0.000 0.420 0.025 0.165

Nasal <0.001 <0.001 <0.001 <0.001 <0.001 0.002

Lower Nasal <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Lower <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Lower 
Temporal

<0.001 <0.001 <0.001 <0.001 <0.001 0.012

Notes: Pairwise comparisons for zone points showed a statistically significant increase in CET throughout the 6-month study period (p<0.001). Some points in both the 2– 
5 mm zone and 5–7 mm zone showed no significant change at certain time intervals comparison (p ≥ 0.05) (bold values). 
Abbreviation: CET, corneal epithelial thickness.

Table 3 Mean and 95% CL of the Pairwise Differences in CET in Each Zone at Different Time Intervals

Zones Preop. to One Month Preop. to Three Months Preop. to Six Months One to Three Months One to Six Months Three to Six Months

2 mm zone −1.5* (−2.01–0.99) −6.325* (−7.07 −5.58) −7.2* (−8.03 −6.37) −4.825* (−5.34 −4.31) −5.7* (−6.35 −5.05) −0.875* (−1.23 −0.52)

2–5 mm zone −3.097* (−3.61 −2.58) −6.191* (−6.93 −5.45) −6.931* (−7.76 −6.1) −3.094* (−3.61 −2.58) −3.834* (−4.49–3.18) −0.741* (−1.09 −0.39)

5–7 mm zone −2.666* (−3.18 −2.15) −4.381* (−5.12 −3.64) −5.006* (−5.84 −4.17) −1.716* (−2.23 −1.2) −2.341* (−2.99 −1.69) −0.625* (−0.98 −0.27)

Notes: *All pairwise comparisons were statistically significant at p <0.001 using Bonferroni correction for multiple comparisons. 
Abbreviations: CL, confidence level; CET, corneal epithelial thickness.
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With the deficiency of such topics in the literature and with similarities and discrepancies in the few available studies, 
further investigations, including larger numbers of patients, different types of ICRS, and longer follow-up periods are 
required to evaluate this procedure.

Studying the CET time response to ICRS implantation in KC patients using AS-OCT may help in the further 
evolution of the ICRS and could be a helpful tool in assessing the success of ICRS implantation.

Conclusions
ICRS implantation creates an elevation on the stromal surface, thickening the epithelium on either side of the rings, and 
flattening in the corneal center. The subsequent stromal fiber re-arrangement, and epithelial cell compensation to adjust to 
the new stroma result in a thicker and more regular epithelium in the central area over the cone.

Abbreviations
KC, Keratoconus; AS-OCT, Anterior segment optical coherence tomography; ICRS, Intracorneal ring segments; CET, 
Corneal epithelial thickness; ET; Epithelial thickness; CXL, corneal crosslinking. CAIRS, Corneal Allogenic Intrastromal 
Ring Segments.
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