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Purpose: Safety and efficacy of a novel automated ray tracing optimization in customization
of excimer ablation in myopic LASIK.

Methods: In a consecutive case series, 25 patients (50 eyes) undergoing femtosecond-laser-
assisted myopic LASIK were evaluated. The novel, artificial-intelligence platform initially
calculates the ablation profile based on a model eye for each case, based on interferometry
axial length data. Low- and high-order aberration calculation is performed by raytracing
based on wavefront and Scheimpflug tomography measurements, all from a single diagnostic
device. Visual acuity, refractive error, keratometry, topography, high-order aberrations and
contrast sensitivity were evaluated, over six months follow-up.

Results: Change from pre- to 6 months post-operative: mean refractive error improved from
—5.06 £ 2.54 diopters (D) (range —8.0 to —0.50 D) to —0.11 + 0.09 D (range —0.25 to + 0.25);
refractive astigmatism from —1.07 + 0.91 D (range —4.25 to 0 D) to —0.15 &+ 0.04 D (range —0.25
to 0); and topographic astigmatism from —1.65 + 0.85 D to —0.26 £ 0.11 D (range —0.60 to 0).
About 65% of eyes gained one line of vision and 38% 2 lines. Pre- to post-operative high-order
aberration average: RMSh changed from 0.25 um to 0.35 um. Contrast sensitivity improved post-
operatively.

Conclusion: We report safe and effective preliminary outcomes with a novel excimer laser
customization by ray tracing optimization, for myopic LASIK treatments, employing several
independent up-till-now diagnostics and a customized eye model reference for each case. It
bears the potential advantage through total eye aberration data and ray tracing refraction
calculation to offer improved and more predictable visual outcomes.

Keywords: ray tracing excimer customization, topography-guided, wavefront-guided,
femtosecond-laser assisted myopic LASIK, customized excimer ablation

Introduction
Laser-assisted in situ keratomileusis (LASIK) has become one of the most effective and
safe methods for correcting refractive error with laser corneal intervention,'” as
evidenced by the long and large number of publications in the peer-reviewed literature.
In recent years, bladeless LASIK surgery utilizing a femtosecond laser (owing
the name to the ultra short pulses, with duration of few femto-sec, that is 10—15 of
a sec) as an alternative option for lamellar flap creation to the mechanical micro-
keratome has been used extensive clinically with improved outcomes.'**
The second laser involved in the LASIK procedure, the excimer, executes the
ablation, and has also evolved significantly over the course of the past twenty years.
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Most contemporary generation excimer lasers for refrac-
tive surgery operate with high pulse repetition (more than
400 Hz),>° flying spot,”® and can provide customized
ablation, including aspheric ablation profiles, wavefront-
guided, or topography-guided treatments.” '

These improvements have further advanced the clinical
outcomes of the LASIK procedure, in attempting to not just
correct the spherocylindrical refractive error, but also of the
higher-order aberrations by reducing induced spherical and
other aberrations within the myopic ablations.'*™'

The purpose of this study was to evaluate the safety,
efficacy and stability in myopic and myopic astigmatism
LASIK procedures utilizing the Alcon-WaveLight FS200
femtosecond and EX500 excimer laser refractive surgery
platform guided by a novel ray tracing-optimization software
utilizing  Wavefront, Scheimpflug tomography and axial

length measurement data from a single diagnostic device.

Methods

This study received approval by the Ethics Committee of
our Institution: The Laservision ambulatory eye center
Ethics Committee and adhered to the tenets of the
Declaration of Helsinki. Written informed consent was
obtained at the time of the first study visit. All equipment,
techniques and materials had been already approved for
clinical use within the EU (CE mark); thus, neither the
technique nor the technology was experimental.

Patient Enrollment

Inclusion Criteria

Subjects between the ages of 18—65 years of age under-
going LASIK. Pre-operative myopia of up to =9 D and up
to —6 D of astigmatism. Pre-operative minimum corneal
thickness, as defined by Scheimpflug corneal tomography
measurement, of at least 500 um.

Exclusion Criteria

Previous ocular surgery, clinically significant corneal
abnormalities including scar in the visual axis, anterior
basement membrane dystrophy, clinical signs of dry eye
and/or blepharitis, to include significant superficial punc-
tuate keratitis and/or significant epithelial irregularity in
the anterior segment OCT epithelial mapping. Keratoconus
(even suspect as defined by Scheimpflug corneal tomogra-
phy analysis application of the Amsler-Krumeich criteria).
Last cornea surface irregularity beyond ectasia detection,
as defined by Placido-disc corneal topography (regularity
and qualitative distribution of astigmatic “bowtie”).

All eyes were evaluated pre- and post-operatively for
UDVA and CDVA with the manifest clinical refraction.
Pre- and post-operative evaluations included wavefront,
Scheimpflug anterior segment tomography, and axial length
interferometry analysis by the single novel device: Sitemap
(Alcon, Ft. Worth, TX), anterior segment OCT 9 mm corneal
thickness and epithelial thickness mapping (Avanti, Optovue,
CA) and contrast sensitivity utilizing the functional vision
analyzer (Stereo Optical, Chicago, IL, USA). Post-operative
examination included UDVA, and manifest and dilated
refraction and CDVA measurement, slit-lamp microscopy,
IOP measurement and wide field fundoscopy (Optomap,
California, Optos Inc., Marlborough, MA)

Ray Tracing Technique (Innoveyes)

The Sitemap ® device and the artificial intelligence proces-
sing are in essence an adapted Pentacam™AXL Wave device
(Oculus, Germany) as the diagnostic data arm of artificial
intelligence platform that provides customized profiles to the
EX500 excimer platform. The software introduces a new
laser-spot surface distribution and sequence: The Innoveyes-
guided ablation carries redesigned spot delivery when com-
pared to the original Wavefront-optimized profile introduced
by WaveLight in its excimer-laser series (adapted in 2000,
treating 20—-30% more spots in the periphery of the ablation
in order to account for essential energy loss due to the longer
spot travel and its oblique delivery and thus improve ablation
zone and reduce asphericity), and aims to correct some of the
shortcomings with the original profile patterns.

The laser during the Innoveyes treatment treats simulta-
neously sphere, cylinder, and high-order aberrations, and its
calculation of the treatment takes into consideration the
expected post-op epithelial remodeling and the expected bio-
mechanical changes of each myopic and myopic-astigmatic
treatment (obviously relevant to the amount of sphere and
tissue removed) thus preemptively calculating the appropriate
“nomogram” adjustments to the final ablation profile.

The data collection methodology key points are:

A — 4 Wavefront map captures are needed, through an
at least 5.5mm in mesopic pupil diameter at the moment of
capture. The processed measurement readout then offers 2
sets of data: one at pupillary-aperture-simulation of 4mm
and one of 6.5mm.

B — 4 reproducible Scheimpflug tomography images
are also required: quality-threshold flagged by the device,
but the user has to manually exclude measurements to
improve consistency of those chosen to proceed (very
similar to previous topography-guided (TCAT) software
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for Placido-disc imaging (Vario, Topolyzer, Alcon, Ft.
Worth, TX)), Scheimpflug (Oculyzer II, Alcon, Ft.
Worth, TX). Scheimpflug-suggested cylinder is the total
cylinder of the cornea (anterior and posterior cornea con-
sideration) at the corneal vertex.

C — 4-6 axial length measurements required and cap-
tured by the Sitemap device.

The sequence of suggested measurements is to start from
the Wavefront capture in both eyes first, to then continue
with the Scheimpflug and axial length measurements in one
eye to be followed by the other. This was recommended to
reduce the chance of pupillary miosis due to accommodation
by the patient during the measurement process.

Figure 1 illustrates some of the sitemap readouts on
a specific case:

1A shows an overview of wavefront refraction @ 4mm
pupillary zone on the top and wavefront map on the left
and tomography map on the right, 1B the axial length
interferometry measurements used in the calculations, 1C
illustrates a comparative overview of the tomography
maps and 1D those of the wavefront.

Other differences from predecessor software: treatment
platform posts on top the clinical refraction, then the
Innoveyes-calculated treatment, but the default treatment
presented by the software on the bottom of list is the actual
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Innoveyes-proposed refraction treatment, not the manifest
clinical refraction (as in older customized versions used on
the same excimer laser: Topography-guided with trade
name Contoura, wavefront-guided with trade name
ACAT, and Q value adjusted with trade name FCAT).

The novel treatment described herein can be manually
adjusted by the surgical team for: sphere, cylinder and/or
axis, but this adjustment cannot exclude Wavefront and/or
Topographic data, and/or tilt. When Wavefront data are not
available, the ray tracing calculation cannot proceed, so
the Innoveyes treatment data cannot become available.
The same stands for the other 2 measurement types:
Tomography and axial length measurements.

The actual Innoveyes ray tracing treatment is calculated
from the diagnostic data noted above and captured with the
single diagnostic device: the Sitemap data are transferred by
the Sitemap device through a proprietary Ethernet network
that facilitates export and data transfer to the treatment
calculation computer of the excimer laser. Once received
by the treatment computer the data are processed by the
artificial intelligence in the device software in 4 steps to
calculate ray tracing in 2 “opposite” directions: Step 1:
The axial length measurements give precise measurements
of all anatomical refractive surfaces in the line-of-sight and
a theoretical model eye is “constructed” with them, in order
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Figure | This image illustrates some of the sitemap readouts on a specific case: (A) shows an overview of wavefront refraction @ 4mm pupillary zone on the top and
wavefront map on the left and tomography map on the right, (B) the axial length interferometry measurements that are actually used as an initial step in order to create the
customized “model” eye for the ray tracing calculations that follow, (C) illustrates a comparative overview of the tomography maps and (D) those of the wavefront.
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to proceed to the next steps. Step 2: The corneal tomography
measurements are used to calculate the propagation of light
rays (2000 in number) through the anterior corneal surface,
the cornea stroma, out the posterior corneal surface, through
the anterior chamber and onto the anterior lens surface.

Step 3: The Wavefront data are used to calculate each
of the above light-ray “travel” in a retrograde fashion:
From the retina, through the vitreous cavity, onto the
posterior lens surface, through the crystalline lens, and
onto the anterior surface of the lens. 2000 rays are actually
traced and calculated in these 2 steps for the algorithm
determination.

Step 4: A final fourth step: Tilt is calculated by the
Scheimpflug tomography images and the incidence of rays
projected onto the anterior surface of the cornea. The inter-
nal tilt between the actual anterior cornea surface orientation
towards the ray tracing orientation used in steps 2 and 3 is
additionally taken into consideration and corrected by the
Innoveyes artificial intelligence software. The software
attempts to “line-up” the corneal surface to the whole eye
orientation used in the ray tracing steps 2 and 3, thus adjusts
the cornea surface by applying a prism-like ablation in order
to perform the high-order aberration correction measured on
the optimally conformed anterior corneal surface. We used

16.11.1990 &

“ WF: SPH-5.86

Define refractive and corneal parameters.

the Innoveyes software suggested refraction for treatment in
all cases instead of the actual subjective clinical refraction.
The software overview of the suggested treatment following
the noted ray tracing calculations in the case described in
Figure 1, is illustrated in Figure 2.

At the completion of each LASIK treatment, a bandage
contact lens (+0.50 D, BC: 9.2 and 14mm diameter,
Acuvue, Johnson-Johnson) was placed on the cornea
until the following morning when it was removed, along
with one drop of Moxifloxacin drops (Vigamox, Alcon Ft.
Worth, TX) and one drop of a combination 1% dexametha-
sone and 0.3% chloramphenicol (Dispesadron-C, Alcon).

The postoperative regimen was continued 4 times a day
for 1 week.

Follow-up visits were 1 day, 1 week, month 1, month
2, month 3, and month 6.

Visual acuity, refractive error measured again by the
sitemap device captures and calculations and cross-
referenced with the dry manifest subjective refraction,
keratometry, Scheimpflug tomography, Wavefront analysis
of high-order aberrations, contrast sensitivity and repeat
final postoperative refraction and aberrations-calculation
by the Sitemap device were evaluated, over six
months follow-up.

Figure 2 Customized treatment profile employed in the Innoveyes treatment for the same eye noted in. Figure I, as illustrated by the EX500 excimer laser treatment
Innoveyes software. The software overview of the suggested treatment following the noted ray tracing calculations in the case described in Figure I.
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Results

Of the 25 patients (mean age 36 (19 to 48)) enrolled 5 were
unable to be treated with this technology for the following
reasons: 1 patient (2 eyes) was not spontaneously reaching
pupillary aperture to a minimum of 5.5mm necessary for the
device wavefront capture. Two other patients (4 eyes) fulfilled
all diagnostic criteria, but were calculated to have more than
10 degrees tilt correction (11 to 17), and were as such excluded
by our team from proceeding with the Innoveyes treatment.
Last: 2 patients (4 eyes) were excluded, as their epithelial maps
and the Placido-derived topography revealed significant ante-
rior corneal surface irregularity and thus were excluded by our
team from the treatment and further evaluation in this study.

Of the 20 patients (40 eyes) that completed the
Innoveyes customized femtosecond-laser assisted LASIK
procedure we collected the following data:

Change from pre- to post-operative values at 3 months:
mean refractive error improved from —5.06 £ 2.54 diopters
(D) (range —8.0 to —0.50 D) to —0.11 + 0.09 D (range —0.25 to
+0.25); Refractive astigmatism from —1.07 + 0.91 D (range
—4.25 to 0 D) to —0.15 + 0.04 D (range —0.25 to 0), topo-
graphic astigmatism from —1.65 + 0.85 D to —0.26 + 0.11
D (range —0.60 to 0). 65% of eyes gained one line of vision
and 38% 2 lines. Cumulative refractive data are illustrated in
Figure 3. Pre-to post-operative total high-order aberrations
measured by the RMSh metric (total high-order aberrations),
changed from 0.25 um to 0.35 um. Contrast sensitivity mea-
sured pre-operatively appears improved when measured
postoperatively as an average, as demonstrated in Figure 4.

Discussion
The manifest clinical refraction has been utilized up until
now as a globally accepted gold-standard in laser vision
correction applied to the cornea, either as LASIK, PRK
and even Smile.'®

It has been through the study of topography-guided
excimer treatments and especially in highly irregular
eyes, that often the clinical refraction astigmatism amount,
and axis, can be very different when compared to the
topographic measured astigmatism. We have reported
that the subjective manifest measurements present usually
less cylindrical power and even different axis when com-
pared to the topographic corneal data. Our clinical experi-
ence in treating irregular corneas with topography-guided
excimer ablations has been previously reported in the
literature and over 1000 cases have been carefully ana-
lyzed and evaluated for this principle.'"'*!” Our early

experience had guided us to work in those irregular eyes,
more with the topography-guided suggested data, modify-
ing accordingly the subjective manifest refraction data.

Topography-guided treatments in routine otherwise
healthy myopic cases were studied carefully in a FDA
study submitted by ALCON and established improved
visual outcomes compared to previously submitted treat-
ment platforms.'® In that study 19.57% of cases evaluated
reached at 12 months, UDVA at least 1 line better than the
pre-operative CDVA, and 8.26%, of the cases, 2 lines
better, likely through the reduction of low- and high-
order corneal aberrations treated by-default when topogra-
phy-guided treatments are employed in virgin eyes.

We combined this previous experience in studying topo-
graphy-based modification of the up-until-now “gold” stan-
dard manifest clinical refraction used in LASIK treatments.
We thus introduced the principle of Topography-Modified
Refraction (TMR) in a randomized contralateral-eye study.'’
We reported that TMR used in a contralateral-eye study may
offer even better outcomes than those documented in topo-
graphy-guided treatments earlier.

There has been earlier work reported in attempting to
optimize the excimer laser ablation with manual calcula-
tion of theoretical ray tracing based on wavefront, topo-
graphy and axial length measurement data combined.”*>*

The ray tracing concept described for over 10 years in
these studies, as a means of refractive outcome optimiza-
tion, using manual calculations from wavefront, corneal
topography and interferometry axial length measurements.

We describe here the first clinical data with ray tracing
optimization of the refraction to be treated along with the
high-order aberrations, processed by artificial intelligence
and with the multiple measurements performed from one
novel single diagnostic device, used for the first time in
customized LASIK for myopic eyes.

The ability to include total eye refractive and aberration
data in the customization appears to overcome several
unknowns when compared to our previous long experience
of 15 years in “manually” calculating and optimizing the
excimer ablation in these eyes with anterior corneal curvature
data-alone, or wavefront data alone, and surgeon “forecasting”
the expected refractive changes that will take place, as we did
with TMR. Potential imitations of this technology already
encountered in this small study may include the ability to
potentially image some of these eyes through more irregular
corneas, or eyes that cannot offer the capture standards set for
the combination diagnostic device (Sitemap) such as the mini-
mum pupillary mesopic diameter of 5.5mm. As studied herein,
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Figure 4 This image illustrates the contrast sensitivity measured in several cycles/degree points preoperative and at 6 months postoperative. It appears improved when

measured postoperatively as an average in all cycles/degree points measured.

this technology can offer as an advantage the ability to self-
evaluate its accuracy of measurement and ablation precision-
delivery, through the post-operative measurements of residual
refractive error and aberrations.

The majority of current refractive excimer laser treat-
ments, are all based on manifest refraction or can be
customized using a single customization with either wave-
front, topography or even-in a simpler fashion-asphericity
data. All these customized treatments use the Gullstrand
standard eye model to make calculations based on several
refractive average values of the eye.

The novelty of the level of customization with the
Innoveyes customized ray tracing platform used in the
study presented herein, lays in the fact that it customizes
each refractive treatment, based on actual individual eye
measurements, provided by the Sitemap diagnostic device,
instead of the standard Gullstrand-eye model values used
up till know.”® The ray tracing calculation is performed
through a theoretical eye model that is “constructed” by
the objective interferometry axial length data, for each eye
measured.

Finally, we used anterior segment OCT pre-operative
mapping of the corneal epithelium at 9mm diameter, and
Placido-disc topography, as our own confirmation of the
“naivety” of the anterior corneal surface, and a means of
validating the reliability of the sitemap measurements-that
assume as a prerequisite pristine optics. In the case of
significant corneal epithelial irregularity being noted, the
case was excluded from imaging and treating with the
this study. We thus
a significant percentage of candidate eyes based on this

sitemap data and excluded
protocol. We support the practice of careful screening of
the candidate cases by epithelial mapping and Placido-disc
topography-both means of establishing anterior corneal
surface regularity-as an important screening step.”> >

Further studies may further validate the data presented

in this preliminary feasibility study.

Conclusions

We herein introduce preliminary data with a novel diagnostic
technology and surgical technique, utilizing ray tracing calcu-
lation by artificial intelligence that combines wavefront,
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Scheimpflug tomography and interferometry axial length

measurements that appear to indeed customize safe and effec-

tive in regard to visual outcomes, myopic LASIK treatments.
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