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e PURPOSE: To analyze corneal and total aberrations
using custom-developed anterior segment spectral optical
coherence tomography (OCT) and laser ray tracing in
keratoconic eyes implanted with intracorneal ring
segments (ICRS).

e DESIGN: Evaluation of technology. Prospective study.
Case series.

e METHODS: Nineteen keratoconic eyes were measured
before and after ICRS surgery. Anterior and posterior
corneal topographic and pachymetric maps were obtained
pre- and postoperatively from 3-dimensional OCT images
of the anterior segment, following automatic image anal-
ysis and distortion correction. The pupil center coordi-
nates were used as reference for estimation of corneal
aberrations. Corneal aberrations were estimated by
computational ray tracing on the anterior and posterior
corneal surfaces. Total aberrations were measured using
a custom-developed laser ray tracing aberrometer.
Corneal and total aberrations were compared in 8 eyes
pre- and postoperatively for 4-mm pupils.

e RESULTS: Total and corneal aberrations were highly
correlated. Average root mean square of corneal and total
high-order aberrations (HOAs) were 0.78 = 0.35 pum and
0.57 £ 0.39 pum preoperatively, and 0.88 + 0.36 pm and
0.53 + 0.24 um postoperatively (4-mm pupils). The ante-
rior corneal surface aberrations were partially compen-
sated by the posterior corneal surface aberrations (by
8.3% preoperatively and 4.1% postoperatively). Astigma-
tism was 2.03 = 1.11 pm preoperatively and 1.60 *
0.94 pm postoperatively. The dominant HOA aberrations
both pre- and postoperatively were vertical coma (Z; 1),
vertical trefoil (Z;~>), and secondary astigmatism (Z4*).
ICRS decreased corneal astigmatism by 27% and corneal
coma by 5%, but on average, the overall amount of
HOA did not decrease significantly with ICRS treatment.
e CONCLUSIONS: OCT isareproducible technique to eval-
uate corneal aberrations. OCT-based corneal aberrations
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and ocular aberrations show a high correspondence in kera-
toconic patients before and after ICRS implantation. ICRS
produced a decrease in astigmatism, but on average did
not produce a consistent decrease of HOAs. (Am ]
Ophthalmol 2014;157:116-127. © 2014 by Elsevier Inc.
All rights reserved.)

HE QUALITY OF THE IMAGES PROJECTED ON THE

retina is determined by the optical properties of

the cornea and crystalline lens. In the young eye,
the aberrations of the ocular components are generally
well tuned, with the aberrations of the lens partly compen-
sating the aberrations of the cornea.'™ In diseased eyes
such as keratoconus or following certain corneal surgical
procedures, this balance is lost as a result of the
associated changes in corneal shape.”'' Aberrometry
techniques, such as Hartmann-Shack or laser ray tracing,
have become widely used technologies to measure aberra-
tions in the laboratory and in the clinic. The contribution
of the corneal aberrations to the ocular aberrations is typi-
cally calculated from the subtraction of corneal aberrations
(computed by ray tracing on corneal elevation data) from
ocular aberrations. However, the lack of reliable posterior
corneal elevation measurements, particularly in highly
degraded corneas, has limited a full analysis of the corneal
(anterior and posterior surfaces) and total aberrations in
keratoconic eyes, before and following treatment.

To date, the analysis of corneal aberrations from both
anterior and posterior corneal surfaces has been perfor-
med only using Scheimpflug imaging.'”"> However,
several studies have reported a poor repeatability of this
technique, especially in irregular corneas.'”"” This
variability could be associated, among other factors, with
interpolation errors attributable to meridional sampling
approaches, relatively long acquisition times, and errors
in optical distortion correction, particularly challenging
with highly deformed corneas and in the presence of
implants with a refractive index different from that of the
cornea.

Spectral-domain optical coherence tomography (OCT)
presents several advantages for the measurement of accu-
rate anterior and posterior corneal geometry over other
techniques, owing to its high speed and resolution, and
the possibility for obtaining 3-dimensional (3-D) corneal
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maps with a homogeneous rectangular (rather than
meridional) sampling.'®*” OCT provides a direct
measurement of corneal elevation, and therefore is free
from the skew ray ambiguity present in standard Placido
disk topography. Besides, the regular and dense lateral
scanning provides higher lateral resolution than typical
radial sampling (standard Placido disk) or meridional
sampling (Scheimpflug imaging). However, OCT is
generally subject to motion artifacts and distortions: fan
distortion (arising from the scanning architecture, and
resulting in a combination of geometric aberrations,
including field distortion, astigmatism, and spherical
aberration) and optical distortion (arising from refraction
at the optical surfaces). Because of these distortions,
OCT images need to be corrected for quantification. Fan
(following instrument calibration) and optical distortion
(through preceding surfaces) are corrected using 3-D ray
tracing analysis.'> ?°  Previous work validates the
repeatability and accuracy of our spectral OCT system”’
in corneal geometric measurements, and in comparison
with Scheimpflug and Placido corneal topography. We
have recently demonstrated quantitative anterior segment
OCT imaging for surface topography of the cornea and
crystalline lens. Besides distortion correction and auto-
matic processing tools, OCT acquisition protocols are opti-
mized to minimize the impact of motion artifacts.'**’

In particular, we have presented tools for quantitative
anterior and posterior corneal topography in keratoconic
corneas before and after treatment with intracorneal ring
segments (ICRS), as well as full 3-D characterization of the
implanted ICRS.”""*’ While evaluating corneal topography
allows monitoring the progression of keratoconus and the
potential benefit of the treatment, a better understanding
of the impact of the changes of corneal shape (by disease or
treatment) is obtained by studying its aberrations, as these
determine optical quality. The combined measurements of
corneal (anterior and posterior) and total aberrations allow
a better understanding of the optical degradation imposed
by the corneal deformation in keratoconus and the optical
benefit resulting from treatment, as well as the interactions
between the aberrations produced by each optical element.

Several studies in the literature have examined total and
10113036 However,
although there is evidence that the posterior cornea may
be importantly affected in keratoconus,”” only few studies
have considered the posterior corneal shape in the estima-
tion of corneal aberrations.'**” Keratoconic'® and aphakic’
eyes have in fact been used in the literature as models for
cross-validations of total and corneal aberrometry tech-
niques, assuming that total aberrations are primarily driven
by the aberrations of the anterior corneal surface. The eval-
uation of the optical performance in patients implanted with
ICRS has been addressed in several studies, which analyzed
total and anterior corneal aberrations.”® ** However, the
incorporation of the posterior corneal surface should make
those comparisons more accurate. A deeper analysis of the

corneal aberrations in keratoconus.
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optical changes produced by ICRS (at both the corneal
and ocular levels) will help to understand the potential of
this technique for the treatment of keratoconus. In this
study, we present, for the first time, OCT-based corneal
aberrometry and its application in keratoconic patients
before and after ICRS implantation. Corneal aberrations
were compared with total aberrations measured with laser
ray tracing in the same patients. These comparisons allowed
evaluating interactive effects of anterior cornea, posterior
cornea, and internal aberrations. In addition, the pre- and
postoperative optical quality estimated from the measured
aberrations was correlated with visual performance. This
analysis allowed us to get insights on the potential optical
and visual benefits of the ICRS procedure.

SUBJECTS AND METHODS

e KERATOCONUSPATIENTS: Nineteen keratoconic eyes of
17 patients (10 male, 7 female) diagnosed by an experienced
corneal specialist (N.A.) on the basis of clinical and topo-
graphic signs were part of an observational study of ICRS
for keratoconus, and were recruited from patients attending
the Ophthalmology Service at the Fundacién Jiménez-Diaz,
Madrid, Spain. The study was revised and approved by the
Institutional Review Boards of the Fundacién Jiménez-
Diaz and followed the tenets of the Declaration of Helsinki.
The subjects signed a consent form and they were aware
of the nature of the study. Table 1 includes selected descrip-
tive preoperative parameters: keratoconus degree following
the Amsler-Krumeich classification, cone location, and
maximum anterior corneal curvature (Kmax). The average
age of the subjects was 29.3 * 10.8 years.

e INTRACORNEAL RING SEGMENT SURGERY: All surgeries
were performed by an experienced surgeon (N.A.). Ferrara-
like ICRS were implanted following manual or femto-
second laser—assisted tunnel creation. Table 1 summarizes
the specifications of the surgical procedure for ICRS
implantation in each patient. Depending on the preopera-
tive corneal topography and refraction, 1 or 2 segments
were implanted, equidistantly to the incision site (steepest
meridian).

e CORNEAL ABERRATION ANALYSIS: OPTICAL COHER-
ENCE TOMOGRAPHY: OCT corneal images of 19 kerato-

conic eyes were obtained preoperatively and 3 months
post ICRS implantation. The spectral OCT instrument,
image processing algorithms, and distortion corrections
(fan and optical) to obtain anterior and posterior corneal
topography from OCT images have been described in detail
in previous publications.' "™’

Briefly, the spectral OCT set-up is based on a fiber-
optic Michelson interferometer configuration with a super-
luminescent diode (A0 = 840 nm, A\ = 50 nm) as a light
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TABLE 1. Descriptive Preoperative Keratoconic Parameters and Surgical Specifications for Intracorneal Ring Segment Implantation

Preoperative Data

ICRS Parameters

KC Cone Optical Incision Planned
Eye # Degree Location Kmax (D) ICRS Technique Zone (mm) ICRS Thickness (.m) ICRS Arc Length (deg) Site (deg) Depth (um)
1 1l I-T 52.00 Femtosecond 6 200 210 70 380
2 1 I-C 53.63 Femtosecond 6 a:200; b:200 a:160; b:90 35 360
3 1l I-T 55.20 Femtosecond 6 a:250; b:200 a:120; b:90 100 380
4 1l I-T 56.44 Manual 5 a:250; b:200 a:160; b:120 140 380
5 1 I-T 57.86 Femtosecond 6 a:200; b:200 a:120; b:120 100 380
6 1l I-C 48.58 Femtosecond 6 250 160 110 353
7 -1v (¢} 62.35 Manual 5 a:250; b:250 a:160; b:90 120 370
8 -1v I-N 58.93 Femtosecond 6 300 210 135 440
9 -1V I-C 63.37 Manual 5 a:250; b:250 a:160; b:90 60 380
10 1l I-C 56.15 Manual 5 200 160 50 350
11 -1V I-T 59.04 Femtosecond 6 a:250; b:250 a:120; b:120 115 380
12 -1v I-C 64.16 Femtosecond 5 300 210 165 380
13 1l I-T 48.64 Femtosecond 6 a:150; b:150 a:120; b:120 75 380
14 1I-11 (¢} 56.25 Femtosecond 6 300 150 10 380
15 1l I-N 55.07 Femtosecond 6 250 150 125 375
16 1] (¢} 51.56 Femtosecond 6 300 150 0 380
17 1l I-C 51.63 Femtosecond 6 250 150 140 380
18 1l I-T 52.29 Femtosecond 6 a:300; b:300 a:120; b:120 75 347
19 1l I-T 58.44 Femtosecond 6 250 210 60 380
Cone location notation: C = central; | = inferior; N = nasal; S = superior; T = temporal.

ICRS Thickness and ICRS Arc Length notation: a = left/superior segment; b = right/inferior segment.
Other abbreviations: KC = Keratoconus; Kmax = Maximum anterior corneal curvature; D = diopter; deg = degree.
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FIGURE 1. Illustration of the computation of corneal aberrations from optical coherence tomography (OCT) distortion-corrected
data. The example is shown for a keratoconic eye (Eye 16), preoperatively.

source and a spectrometer consisting of a volume diffraction
grating, and a CMOS camera as a detector. The effective
acquisition speed is 25 000 A-scans/s. The axial range is
7 mm in depth, resulting in a theoretical pixel resolution
of 3.4 wm. The axial resolution is 6.9 wm. Measurements
were collected in a 10 X 12-mm area, and consisted of
a collection of 50 B-scans composed by 360 A-scans. The
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total acquisition time of a 3-D data set was 0.72 seconds,
which we had previously tested to be sufficiently brief to
minimize motion artifacts.

Images were acquired while the subjects fixated a Maltese
cross fixation stimulus presented on a mini-display (SVGA
OLED LE400; LiteEye Systems, Centennial, Colorado,
USA) implemented in a secondary channel. The images
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FIGURE 2. Total and corneal Zernike coefficient values (average across 8 eyes), wave aberration maps (calculated from average
Zernike coefficients excluding tilt, defocus, and astigmatism) and the simulated point-spread-functions (PSFs) from the wave aber-
rations (window size: 5 arc min) for keratoconic eyes preoperatively and 3 months post intracorneal ring segment (ICRS) implanta-
tion. Data are for 4-mm pupils and referred to the pupil center. (Top) Preoperative data (keratoconus) and (Bottom) postoperative
data (3 months post ICRS implantation in keratoconus). OCT = optical coherence tomography; LRT = laser ray tracing.
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FIGURE 3. Corneal wave aberration maps from optical coherence tomography (OCT) and total wave aberration maps from laser ray
tracing in keratoconic eyes and upon intracorneal ring segment (ICRS) treatment. Data are for 4-mm pupil diameter. (Top) Preop-
erative data (keratoconus). (Bottom) Postoperative data (3 months post ICRS implantation). OCT = optical coherence tomography;

LRT =

laser ray tracing; RMS = root mean square.

of the cornea were acquired with respect to the anterior
corneal specular reflection. Sets of 3-D images were
captured approximately 5 seconds after blinking. Five
repeated measurements were collected in each condition
after inducing mydriasis with 1 drop of tropicamide 1%.

OCT images were de-noised, clustered (cornea, iris, and
ICRS), segmented, and corrected from fan and optical
distortion correction. The segmented anterior and poste-
rior corneal surfaces were fitted with Zernike polynomial
expansion. Corneal thickness maps and the 3-D iris posi-
tion were also obtained. The iris plane and 3-D coordinates
of the pupil center were used for registration of pre- and
postoperative data, and as reference for the estimation of
corneal aberrations.”"*’

The pupil center (obtained from the automatically iden-
tified iris volume) was used as a reference in the analysis of
pre- and postoperative measurements. Corneal elevation
maps were reported within the optical zone defined by
the ICRS and the natural pupil. The center of the
implanted ICRS was obtained from the automatically iden-
tified ICRS volume, and its shift from the pupil center was
estimated for registration of pre- and postoperative
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measurements. The rays passing through the ICRS are
highly deviated, resulting in halos, and they cannot be
accounted for by a standard aberration analysis. For this
reason, in this study we have analyzed optical aberrations
in a circular 4-mm area concentric with the patient’s pupil,
in order to ensure quantitative analysis within the optical
zone without the influence of ICRS.

Corneal thickness was calculated from direct subtraction
of the posterior corneal surface from the anterior corneal
surface. Corneal pachymetry is implicitly considered in
the estimations of full corneal aberrations, including poten-
tial redistributions of corneal thickness (and considering
that refractive index remains unchanged). An extensive
analysis of corneal pachymetry and longitudinal changes
after ICRS can be found in Pérez-Merino and associates.”’

The elevation data from both corneal surfaces within
a central 4-mm pupil diameter area were fitted by Zernike
polynomial expansions (up to sixth order) and exported
to ZEMAX (Radiant ZEMAX; Focus Software, Tucson,
Arizona, USA) for ray tracing analysis. Refractive indices
of 1.376 and 1.334 were used for the cornea and aqueous
humor, respectively. Wave aberrations were calculated in
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FIGURE 4. Correlation between corneal aberrations (optical coherence tomography) and total aberrations (laser ray tracing) in kera-
toconic eyes and upon intracorneal ring segment (ICRS) treatment, in terms of root mean square (RMS) for high-order aberrations
(Top left), astigmatism (Top middle), coma (Top right), and trefoil (Bottom left), and spherical aberration (Bottom right). Open
circles indicate preoperative data (keratoconus) and closed squares postoperative data (3 months post ICRS implantation). Lines

are linear regressions to the data.

the pupil plane, placed at 3.47 mm from the anterior
corneal surface,”” by tracing an array of 64 X 64 collimated
rays through a 1-surface (anterior cornea only) or 2-surface
(anterior and posterior cornea, separated by corneal thick-
ness) eye model. In the 1-surface model, the index after the
anterior corneal surface was set to 1.334. The contribution
of the posterior corneal surface was obtained from direct
subtraction of the anterior corneal surface aberrations
from corneal aberrations.”® Corneal aberrations were
analyzed preoperatively and 3 months post [CRS implanta-
tion. Figure 1 illustrates the computation of corneal aberra-
tions from OCT data, that is, ray tracing calculation on
OCT distortion-corrected corneal surfaces.

e TOTAL ABERRATION ANALYSIS: LASER RAY TRACING:
Total wave aberrations were measured using custom laser
ray tracing, which has been described in detail in a previous
study.” In brief, an infrared (786-nm) laser beam samples

VoL. 157, No. 1
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different positions of the pupil sequentially, while
a charge-couple device (CCD) camera records the corre-
sponding aerial images of light reflected off the retina.
Ray aberrations are obtained by estimating the deviations
of the centroids of the retinal spots images corresponding
to each entry pupil location with respect to the reference
(chief ray). These deviations are proportional to the local
derivatives of the wave aberrations. Measurements were
done under mydriasis (1 drop 1% tropicamide). The
sampling pattern (37 rays in a hexagonal configuration)
was adjusted by software to fit a 4-mm pupil centered at
the pupil center. The pupil center reference allowed preop-
erative and postoperative comparisons, and the pupil diam-
eter was selected to guarantee that postoperative
measurements fitted the optical zone defined by the inner
diameter of the ICRS. Maximum energy exposure was
6.8 wW. Prior to the measurement, the patient adjusted
his or her subjective refraction using a Badal optometer.
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The Badal system was modified for this study to allow
correction of spherical errors up to —12 diopters, frequent
in moderate to advanced keratoconus. All measurements
were done under foveal fixation of a Maltese cross fixation
stimulus. Total wave aberrations were fitted by sixth-order
Zernike polynomial expansions following OSA standards.
Preoperative and 3-month-post-ICRS total aberrations
were measured and analyzed in 8 eyes.

e OPTICAL QUALITY METRICS: Wave aberrations were
described in terms of individual Zernike coefficients or root
mean square (RMS). RMS was used to report the magnitude
of high-order aberrations (HOAs) excluding tilt, defocus,
and astigmatism, and of certain relevant aberrations (astig-
matism, coma, and trefoil). The point-spread function
(PSF) and the modulation transfer function (MTF) were
computed from Zernike coefficients by means of Fourier
optics using routines written in Matlab (MathWorks, Natick,
Massachusetts, USA), for 4-mm pupils. Optical quality was
described in terms of the visual Strehl metric.”*™*® Visual
Strehl was computed as the volume under the visual MTF
(obtained from the overlapping of the MTF with the
inverse of a general neural transfer function), normalized to
diffraction limit. Visual Strehl was evaluated through focus
(considering HOAs, and canceling the astigmatic terms).
The maximum value of the through-focus visual Strehl curve
was obtained as the best-corrected optical quality metric.
This optical quality metric has been shown to correlate
best with logMAR visual acuity in a normal population.***’

e VISUAL ACUITY MEASUREMENT: Visual acuity was
measured using a high-contrast Snellen visual acuity test.
Patients were tested at a distance of 4 m (13 ft) from the
visual acuity chart. All measurements were performed
with natural pupils under photopic conditions. Best-
corrected visual acuity was obtained for optimal spherical
and cylindrical correction with spectacles and given in

logMAR units.

e STATISTICAL ANALYSIS: Univariate analysis (indepen-
dent-samples Student t test) was used to evaluate differences
between preoperative and postoperative measurements.
Correlations (Pearson correlation coefficients) were assessed
between OCT and laser ray tracing aberration measure-
ments. A P value less than .05 was considered statistically
significant in all comparisons.

RESULTS

e LASER RAY TRACING VERSUS OPTICAL COHERENCE
TOMOGRAPHY ABERROMETRY: Corneal and total aberra-

tions were compared in 8 eyes preoperatively and 3 months
post ICRS implantation. Figure 2 shows the average coeffi-
cients describing the second and HOAs of the whole eye
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TABLE 2. Correlation Parameters Between Corneal (Optical
Coherence Tomography) and Total (Laser Ray Tracing) Root
Mean Square for High-Order Aberrations, Astigmatism,
Coma, and Trefoil, and for Spherical Aberration
Preoperatively (Keratoconic Eyes) and Postoperatively
(8 Months Post Intracorneal Ring Segment Implantation)

s Slope” P Value

High-order aberrations

Pre-op 0.87 0.80 .012°¢

Post-op 0.90 1.40 .001¢
Astigmatism (Z,2 and Z,™2)

Pre-op 0.71 1.53 .036°

Post-op 0.88 1.67 .022°¢
Coma (Z5' and Z;7")

Pre-op 0.87 0.75 132

Post-op 0.64 0.83 .023°
Trefoil (Z5° and Z5 )

Pre-op 0.91 0.90 .001¢

Post-op 0.88 0.96 .003°
Spherical aberration (Z,°)

Pre-op 0.66 0.97 197

Post-op 0.44 0.86 .691

Post-op = postoperatively; Pre-op = preoperatively.
4r = Pearson product-moment correlation coefficient.
PSlope of the regression line.

°P < .05.

and of the cornea, as well as the corresponding wave aber-
ration maps (excluding tilt, defocus, and astigmatism). The
corresponding simulated PSFs for all subjects (average) pre-
and postoperatively are also shown. Both pre- and postop-
eratively, total and corneal aberrations are dominated by
astigmatism (eliminated in the maps shown in Figure 2 to
allow visualization of higher-order aberrations), vertical
coma (Z37 "), vertical trefoil (Z37>), and secondary astig-
matism (Z4}). Anterior corneal aberrations are slightly
higher than those of the whole cornea (including both
anterior and posterior surfaces), indicating a compensatory
role of the posterior corneal surface. While total and
corneal aberrations show quite similar aberration patterns,
several total aberration terms tend to be lower than the
corresponding corneal aberration terms.

Figure 3 shows individual corneal and total wave aber-
ration maps (excluding tilt, defocus, and astigmatism) for
all eyes measured with OCT and with laser ray tracing,
preoperatively and 3 months post ICRS implantation.
In most eyes, the high-order wave aberration maps are
dominated by coma and trefoil. Repeated measurements
were highly reproducible within each subject, with
average (across all patients and conditions) standard devi-
ations of 0.13 pm (laser ray tracing), 0.17 pm (OCT
anterior), and 0.19 wm (OCT corneal) for RMS astigma-
tism, and of 0.07 wm (laser ray tracing), 0.10 wm (OCT
anterior), and 0.11 pwm (OCT corneal) for RMS HOA.

Total and corneal aberrations show in general a good
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FIGURE 5. Corneal aberrations for all keratoconic eyes and upon intracorneal ring segment (ICRS) treatment. Root mean square for
(Top left) high-order aberrations (HOAs), (Top right) astigmatism (Z,* and Z,~?), (Bottom right) coma (Z5! and Z571), and
(Bottom left) trefoil (Z5> and Z;73). Data are for 4-mm pupils in keratoconic corneas preoperatively and 3 months post ICRS

implantation.

correspondence (except for Eye 5). In most cases total
aberrations are lower than corneal aberrations, suggesting
a compensatory effect of the crystalline lens. On average,
the RMS HOAs were 0.78 * 0.35 pum (OCT) and 0.57 +
0.39 pm (laser ray tracing) preoperatively and 0.88 =
0.36 pm (OCT) and 0.53 = 0.24 pm (laser ray tracing)
postoperatively.

Figure 4 shows the correlation between corneal and total
Zernike coefficients (HOA, astigmatism, coma, trefoil, and
spherical aberration) for all patients and conditions.
Table 2 shows the corresponding correlation coefficients
and slopes. Correlations between corneal and total data
were statistically significant (P < .05) for RMS HOAs
(pre- and postoperatively), RMS astigmatism (pre- and
postoperatively), RMS trefoil (pre- and postoperatively),
and RMS coma (postoperatively). The slopes ranged
from 0.75-1.53 (1.07 on average). The highest dispersion
(and least significant correlation) was found for spherical
aberration, indicative of a patient-dependent compensa-
tion of the corneal spherical aberration by the crystalline
lens.

e PRE- AND POST - INTRACORNEAL RING SEGMENT ABER-
RATIONS: OCT corneal aberrations were analyzed in 19

eyes preoperatively and 3 months post ICRS implantation.
Figure 5 shows corneal (anterior + posterior) aberrations
(RMS for HOAs, astigmatism, coma, and trefoil terms)
for all subjects. On average, ICRS implantation decreased
corneal astigmatism (27%) and produced slight decrease
of HOAs (2%) and coma (5%), and slight increase of trefoil
(4%). We found slight but not significant correlations
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between pre- and postoperative astigmatism (r = 0.54,
P = .07), HOAs (r = 0.55, P = .89), coma (r = 0.36, P =
.84), and trefoil (r = 0.48, P = .84). Besides astigmatism,
75,7571, 75", Z5°, and Z,* were the predominant corneal
aberrations, contributing 19%, 7%, 8%, 8%, and 8%
(preoperatively) and 19%, 7%, 9%, 8%, and 5% (postoper-
atively), respectively, to the overall corneal HOAs.

At the individual level, astigmatism decreased signifi-
cantly (P < .006) 3 months post-ICRS implantation in
14 of 19 eyes (Eyes 24, 6, 7, 9-16, 18, and 19). Coma
decreased significantly (P < .03) in 11 of 19 eyes (Eyes 1,
3-5, 9-14, 16, and 19). Trefoil decreased (P < .07) in 7
of 19 eyes (Eyes 24, 9, 11, 13, and 19). HOAs decreased
significantly (P < .03) in 9 of 19 eyes (Eyes 2—4, 9-13,
and 19). However, in 4 of 19 eyes (Eyes 1, 5, 8, and 17)
astigmatism and HOA increased significantly 3 months
post ICRS implantation.

e VISUAL ACUITY VERSUS OPTICAL QUALITY: Figure 6
shows best-corrected visual acuity (BCVA) as a function
of best visual Strehl, for 4-mm pupil diameter. We found
significant correlations between BVCA and visual Strehl
both preoperatively (r = —0.51, P = .02) and 3 months
post ICRS implantation (r —0.68, P = .001). On
average, BCVA is slightly but significantly improved with
ICRS treatment (preoperative BCVA 0.38 = 0.19; postop-
erative BCVA 0.51 = 0.16; P = .002). While there is
a displacement of visual Strehl toward higher postoperative
values, the change did not reach statistical significance
(preoperative visual Strehl: 0.059 * 0.03; postoperative
visual Strehl: 0.063 * 0.04; P = .53).
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FIGURE 6. Correlation between best-corrected visual acuity
(BCVA) and visual Strehl ratio (computed from the visual
modulation transfer function for high-order aberrations at best
focus, ie, maximum visual Strehl, for 4-mm pupils) in kerato-
conic eyes and upon intracorneal ring segment (ICRS) treat-
ment. Open circles indicate preoperative data (keratoconus)
and closed squares postoperative data (3 months post ICRS
implantation). Lines are linear regression to the data (solid
line = pre-operatively; dashed line = post-operatively).

e POSTERIOR CORNEAL SURFACE CONTRIBUTION: The
posterior corneal surface provides consistent partial
compensation of the anterior corneal surface aberration.
Figure 7 illustrates the contribution of the posterior corneal
surface to the corneal aberrations. On average, the poste-
rior corneal surface compensates 13.9% of astigmatism,
8.3% of HOAs, 16.1% of coma, and 7.7% of trefoil preop-
eratively; and 4.1% of HOAs, 9.1% of astigmatism, 20.1%
of coma, and 3.1% of trefoil 3 months post ICRS implanta-
tion. The amount of compensation pre- or postoperatively
did not differ significantly.

DISCUSSION

WE HAVE PRESENTED, TO OUR KNOWLEDGE, THE FIRST
report of corneal aberrations based on quantitative OCT
measurements of corneal elevation maps of anterior and
posterior surface. In this study, we measured corneal
(OCT-based) and total aberrations (laser ray tracing) in
keratoconic eyes preoperatively and 3 months after implan-
tation of ICRS. The high correlation between the measured
corneal and total aberrations indicates that OCT alone
could be used to describe, to a large extent, the optical quality
of keratoconic eyes before and after ICRS treatment, as
a result of the predominance of the corneal optics in the
overall optical quality of these eyes. OCT-based corneal
aberrations (obtained from the anterior and posterior OCT
corneal elevation maps) can therefore be obtained along
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with a number of descriptive evaluation parameters using
only OCT, including anterior and posterior corneal topog-
raphy, corneal pachymetric maps, pupilometry, and 3-D
ICRS location (depth and tilt).”*’ On the other hand,
the combined measurements of corneal aberrations and
total aberrations in the same patients, as shown for other
surgical treatments,™” %% provide useful information on
the compensatory role of the crystalline lens.

As in previous studies reporting aberrations in kerato-
conic eyes, we found that astigmatism and coma were
the dominant aberrations.'™'"'**%%"% We also found
a high contribution of the trefoil vertical 7572 (19%) and
secondary astigmatism Z;* (8%). In general, total and
corneal aberrations showed a good correlation, with the
corneal aberrations dominating the ocular wave aberration
pattern. These results are in good correspondence
with previous reports of corneal and total aberrations in
keratoconic patients.'”’® Despite the high amount of
corneal aberrations, total aberrations are consistently lower
than corneal aberrations, likely because of compensatory
effects of the crystalline lens, particularly for astigmatism
and spherical aberration. Several studies in keratoconic
eyes have shown that total HOAs are lower than corneal
HOAs (by 27.6%°° t0 34.2%'°), in consistency with the find-
ings of the current study (33.3%).

Several reports point to a compensatory role of the crys-
talline lens of coma in eyes with normal amounts of aberra-
tions, arising from the off-axis position of the fovea, which
generally results in positive corneal and negative internal
horizontal coma.”® However, the keratoconic eyes show
much higher amount of coma than normal eyes (generally
vertical),'?! 1499275 induced by the progressive corneal
deformation, and such compensatory effect attributable to
crystalline lens coma is not expected. However, the
difference between anterior corneal and total aberration
must arise from the role of the crystalline lens as well as
from the posterior corneal surface. Dubbelman and
associates ! reported an average compensation of 31%
of the anterior corneal astigmatism and 3.5% of the
anterior corneal coma by the posterior corneal surface in
a normal population. In keratoconus, Chen and Yoon'”
reported an average compensation of approximately 20%
of anterior corneal astigmatism and coma by the posterior
corneal surface. In this study, we found a larger compensa-
tion of coma (16.1% preoperative and 20.1% postopera-
tive), but smaller compensation of astigmatism (13.9%
preoperative and 9.1% postoperative). In addition, some
compensation occurred for trefoil terms (7.7% preoperative
and 3.1% postoperative). Overall, the posterior cornea
compensated, on average, 8.3% (preoperative) and 4.1%
(postoperative) of the aberrations of the anterior cornea,
with no significant differences in the amount of compensa-
tion pre- and postoperatively. Differences with respect to
the anterior/posterior corneal balances reported in the liter-
ature on normal subjects may arise from the large topo-
graphic differences (in anterior and posterior corneal
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FIGURE 7. Examples of anterior, posterior, and corneal wave aberration maps in a keratoconic eye and upon intracorneal ring
segment (ICRS) treatment (Eye 19). Upper panels show preoperative data (keratoconus) and lower panels postoperative data

(3 months post ICRS implantation).

surfaces) of keratoconic (both pre- and postoperatively)
with respect to normal eyes.

Intracorneal ring segments are becoming an increasingly
used alternative for treatment of keratoconus progres-
sion.”””* While the literature reporting clinical visual
performance outcomes is relatively extensive, few studies
evaluate aberrations following ICRS treatment.’”** Pifiero
and associates’ reported a significant improvement in
anterior corneal astigmatism (3.21 * 2.16 wm preoperative,
2.50 = 1.73 pm post ICRS) and a reduction of coma-like
anterior corneal aberrations (3.46 = 1.86 wm preoperative,
2.94 = 1.45 pm post ICRS) and of anterior corneal HOAs
(3.73 = 1.97 wm preoperative, 3.24 = 1.44 pm post ICRS)
3-months post ICRS implantation, for 6-mm pupils. In
contrast, Chalitaand Krueger’® reported an increase in ocular
HOA in the ICRS-implanted eye, when compared to the
nontreated fellow eye. On average, 3 months post ICRS
implantation we found very small changes (average values
not statistically significant) in HOAs (mean decrease of
2%), coma (mean decrease of 5%), and trefoil (mean increase
of 4%) after ICRS surgery. Furthermore, we found a larger
decrease (although it did not reach statistical significance,
on average) of astigmatism (27%). At the individual level,
we have found a reduction of asymmetric aberration terms
and an overall significant decrease of aberrations in several
patients (up to a decrease of 2.63 wm in astigmatism,
1.17 pm in coma, or 1.63 wm for trefoil). Inter-subject vari-
ability in the optical response to ICRS may arise from differ-
ences in the corneal biomechanical properties across
patients, and from the difficulty of the treatment to control
simultaneously the topographic and refractive outcomes. In
general, the aims of reducing astigmatism, reducing coma,
or flattening the cornea (to improve contact lens fitting)
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were met, at least partially, in most patients, although a full
simultaneous reduction of both overall astigmatism and
HOA was not generally achieved.

The optical findings were in good agreement with visual
performance measurements in this group of patients. As
found in previous studies in normal subjects,®* we also
found significant correlations between optical quality for
HOA (described by the visual Strehl optical quality metric
at best focus) and visual quality (BCVA), supporting the
value of aberration measurements in predicting visual
performance. The small overall improvement in visual
acuity is consistent with the small improvement in optical
quality.

To sum up, this study presents, to our knowledge, the first
report of 3-D OCT-based corneal aberrometry. The tech-
nique has been applied to evaluate optical aberrations in
keratoconic eyes preoperatively and 3 months post ICRS
implantation. Both OCT-based whole corneal aberrations
and laser ray tracing ocular aberrations have been measured
and found to be highly correlated. The combined estima-
tion of anterior corneal aberrations, whole corneal aberra-
tions, and measured total aberrations allowed evaluation of
the compensatory role of the posterior cornea and of the
crystalline lens. ICRS implantation produced a decrease
in astigmatism, but on average did not produce a consistent
decrease of higher-order aberrations, which is consistent
with the small increase of visual acuity following treat-
ment. The effect of the ICRS implantation on optical
quality varied across patients. The quantitative optical
and geometric data, all obtained from the same OCT
instrument, can be used to study keratoconus and to
improve the current nomograms for ICRS implantation”’
and postoperative assessment of the outcomes.
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