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Purpose: The safety and long-term efficacy of automated ray-tracing customized myopic and myopic 
astigmatic femtosecond laser-assisted LASIK.
Methods: This consecutive case series retrospective analysis, of 20 subjects (40 eyes) treated with automated raytracing named 
Wavelight Plus, to include low and high order aberrations based on a three-dimensional custom virtual eye for each case-calculated 
from interferometry data-obtained from a single diagnostic device that also provides Hartman–Shack Wavefront and Scheimpflug 
tomography data. We evaluated before and after the customized LASIK procedure: visual acuity, refractive error, high order 
aberrations, contrast sensitivity, and psychometric post-operative visual function data.
Results: At 24 months, the comparison of the pre-operative to the post-operative refractive and visual function value changes in 
average were: subjective manifest refraction from −4.38 ± 2.54 diopters (D) (range −9.75 to −1.25 D) to +0.11 ± 0.19 D; subjective 
manifest refractive astigmatism from −0.76 ± 0.91 D (range −2.75 to 0 D) to −0.13 ± 0.16 D, corneal astigmatism from −1.16 ± 0.64 
D (range −0.2 to −2.8) to −0.47 ± 0.11 D. 65% of the eyes studied demonstrated an increase of at least one line of vision, while from 
the same group 38% demonstrated 2 lines of increase. High order aberrations, contrast sensitivity as well as the subjective 
psychometric input based on the VFQ-25 questionnaire demonstrated actual improvement.
Conclusion: This longer-term follow-up, single-arm retrospective consecutive case series documents LASIK treatment customization 
that appears to be safe and effective in the correction of myopia and myopic astigmatism. Markedly improved objective and subjective 
visual function post-operatively, underlying the potential importance of simultaneously attempting to correct high order aberrations 
and improving the spatial alignment of total, measured human eye optics.
Keywords: raytracing excimer customization of myopic corrections, topography-guided, wavefront-guided, femtosecond-laser 
assisted myopic LASIK, customized excimer laser ablation: human eye optical tilt between the cornea and the crystalline lens

Introduction
Cornea-based refractive surgery, and laser vision correction specifically, is based on the treatment of the 
subjective manifest refraction, as a globally accepted rule universally, regarding technology and technique: safety 
and efficacy in the percentage of post-operative spectacle independence. This refraction is usually the subjective 
manifest refraction established by the “dry” (without prior pupil dilatation and/or cycloplegia) manifest or with 
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consideration, or even for some clinicians’ actual adaptation of cycloplegia (usually named “wet”) manifest 
refraction instead.1,2

There have been several customization methods introduced, in order, to enhance the target for myopia and/or myopic- 
astigmatic correction (low order aberrations) as well as high order aberrations: coma, corneal asphericity and trefoil. 
Additionally, excimer laser tracking has been customized to center on the corneal vertex instead of the pupillary center, 
as it represents the point on the cornea surface, theoretically incident to the line of sight. Cyclorotation adjustment has 
been an additional customization tool aiming to optimize the accuracy of excimer laser cylindrical correction and the 
accurate delivery of correction for possible higher order aberrations inclusive in the corrective delivery to the cornea 
stroma. Wavefront-guided treatments, topography-guided treatments have for years addressed some of these customiza-
tion approaches with enhanced clinical outcomes reported.3–28

The evaluation the low and high order aberrations of the human eye via ray-tracing has been studied in the past 
manually and respective customization was clinically applied in myopic LASIK procedures through manual 
calculations.29,30 The purpose was to explore more accurate corrections regarding effective refractive error and poten-
tially improve further visual function.

Wavefront analysis, tomographic corneal and anterior chamber Scheimpflug tomography analysis, axial length 
measurements, expected wound and epithelial remodeling healing patterns and potential biomechanical changes in 
respect to the amount of tissue removed were pivotal input points for these calculations and outcome projections. The 
initial clinical outcomes of this work were reported as early as 2008.29–31 Subsequent research and development to 
include the configuration and clinical use a combination-diagnostic device, in conjunction with software development 
enabling standardized automated calculations, by the Wavelight/Alcon team, came to fruition in 2019 as automated ray- 
tracing with data provided by a single device, the Sitemap, received the Conformité Européene (CE) approval mark for 
clinical application as a novel refractive surgery product named at the time Innoveyes. Sitemap is the trade name of the 
specific diagnostic device that was developed and approved, able to offer the appropriate validated data. These data were 
used initially by the Innoveyes as called earlier, and Wavelight Plus currently, automated software for ray-tracing 
calculations that produce the customized ablation algorithm and pattern for treatment of the low and high order 
aberrations by to be the EX500 excimer laser for myopia and myopic astigmatism LASIK correction as reported first 
by our team.32–34

Methods
The primary hypothesis in this study was: Ray-Tracing customization LASIK cases outcomes regarding lines of vision 
gained (comparing post-operative uncorrected distance visual accuity [UDVA], to pre-operative corrected vidual accuity 
[CDVA]). 20 consecutive cases undergoing bilateral myopic LASIK were included in the study. Ethics Committee 
approval was obtained from the Laservision Ambulatory Surgical Unit Ethics Committee and adhered to the tenets of the 
Declaration of Helsinki. All cases following extensive verbal consent submitted written informed consent as well. The 
study received approval and registration with the Greek Authority of Pharmaco-technological medical studies (EOF 
Dec 2020) and registered for within the EU with the German Clinical Trials Register (www.drks.de/drks_web/; ID: 
DRKS00020388).

Study Objectives in Summary
● 1 – The Comparison of pre-operative CDVA to 24-month post-operative UDVA (lines of visual acuity gained)
● 2 – Secondary Study Endpoints:

Subjective post-operative visual function feedback from the patients based on the National Eye Institute 25-Item 
Visual Function Questionnaire (VFQ-25) interviewer-administered format developed by RAND as evaluated on post- 
operative month 24.35

Attempted vs. achieved subjective manifest refractive error correction at 24 months.
Comparison of pre-operative to post-operative total corneal astigmatism as documented by Scheimpflug tomography 

(Pentacam) inclusive in the sitemap measurement prior and at 24 months after LASIK treatment.
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Assessment of low contrast sensitivity measured pre-operatively and at 24 months post-operative utilizing the 
functional vision analyzer (Stereo Optical, Chicago, IL, USA).

The methodology also included evaluation of the type, severity, duration and frequency of all and any, potential 
adverse events to be encountered during the 24-month span of this study.

Inclusion/Exclusion
Inclusion Criteria
Successful completion of primary ray-tracing customized LASIK cases using the Alcon/Wavelight refractive suite and 
the Wavelight Plus automated customization software, as described above. Subjects between 18 to 65 years of age. Pre- 
operative myopia up to −10 D of myopia and up to −4 D of astigmatism. Pre-operative central corneal thickness of at or 
over 500 μm, confirmed by both corneal tomography and anterior segment OCT (Avanti-Angioflow OCT, Optovue, CA, 
USA). A negative pregnancy test given just prior to the procedure for all female subjects.

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 punctuate keratitis and/ 
or significant epithelial irregularity in the anterior segment OCT epithelial mapping (differences of over 5um, and or 
average under 49um and over 55um). Tomographic evidence of Keratoconus and even keratoconus suspect, as defined by 
corneal tomography using the Amsler-Krumeich criteria.

The Diagnostic Device
The diagnostic device used to provide the imaging data was the Sitemap (Alcon/Wavelight, ft. Worth, TX, USA) based 
on the Pentacam®AXL Wave device (Oculus, Germany) that has been modified, in order to provide the proprietary 
diagnostic imaging for the ray-tracing treatment, automated calculations by the Wavelight Plus software applied by the 
EX500 excimer laser ablations.

The modification changes have been made to adapt the diagnostic information captured on each patient by the 
Sitemap device, subsequently transfer them as data to the EX500 excimer platform Wavelight plus software through an 
independent and dedicated to the Alcon/Wavelight refractive suite (the FS200 femtosecond laser and the EX500 excimer 
laser).

Laser Spot Profile
The excimer laser spot profile has been renovated so its treatment delivery when using the raytracing, Wavelight-Plus 
software differs from the up-to-now Wavefront-optimized profile, to improve disadvantages associated with previous 
profile patterns.

The EX500 excimer when executing a raytracing Wavelight-Plus customized treatment actually delivers throughout 
its span, a combined sphere and cylinder correction, along with, high-order aberrations-in contrast to wavefront 
optimized treatments by the same platform that treat sphere first and cylinder last, The Wavelight Plus software has 
been designed to take into account data studied previously on expected epithelial remodeling relevant to the amount and 
surface (optical zone) of tissue removed as well as potential biomechanical shifts anticipated relevant to the amount of 
tissue removed. It additionally automatically adjusts for nomogram anticipated deviations, pre-emptively in the final 
ablation profile calculated.

Myopic and myopic-astigmatic excimer treatment transition zone: There is additional change in the traditional for this 
manufacturer excimer laser delivered transition zone in the Wavelight Plus software calculations and treatment- 
parameter, delivery by the EX500 excimer laser. In previous treatment profiles offered by the Alcon/Wavelight 
Refractive Suite (Wavefront optimized, Asphericity-adjusted, Wavefront-guided and topography-guided) using optical 
zone of 6.5 mm for myopia, a transitional zone of 0.75mm was added, by default, by the software, while in myopic 
astigmatism: a 1.5mm transition zone respectively. The Wavelight-Plus ray-tracing transition zone is uniformly set at 
2.5mm by default, a marked difference from previous methodology.
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Automatic Nomogram Adjustment
The amount of myopia to be removed is still calculated based on the Munnerlyn formula and as mentioned before, with 
added adjustment for the expected epithelial changes, biomechanical changes, and the actual flying spot laser beam 
incidence: meaning the spot incidence on the peripheral part of the ablation is boosted with an extra spot in order to 
compensate for that loss of energy delivered at that specific spot.

Ray tracing adjustment: the axial length measurements give precise measurements of anterior chamber depth as well 
as total eye axial length, measurements integral to the automated calculation algorithm of the Wavelight-Plus ray-tracing 
customization in-order-to optimize the excimer laser ablation profile to the refractive error and higher order aberrations 
attempted to be corrected. The Wavelight Plus ray-tracing software uses the Sitemap data in several steps:

● 1 – The corneal tomography measurements are used to calculate 2000 rays traced virtually by this software up-to 
the anterior surface of the lens.

● 2 – The Hartman–Shack Wavefront data also captured by the Sitemap are utilized by this software to virtually trace 
2000 rays from the retina surface to the anterior lens surface in a retrograde fashion.

● 3 – The potential optical tilt that theoretically derives from the ray-tracing automated calculation, when defining the 
spatial orientation between the cornea and the lens – both viewed virtually as three-dimensional refractive units – is 
also calculated and included in the ablation calculation as “tilt correction”, in order to make them theoretically 
function post-operatively in parallel fashion and thus optically optimal.

All the Sitemap measurements noted above: Scheimpflug tomography, Hartman–Shack wavefront analysis and 
interferometry are internally validated by the Sitemap device for consistency as several are required for accuracy 
assessment that takes place by the device automatically.

The sequence of imaging by the Sitemap that we used uniformly was for each eye Wavefront measurements, followed 
by Scheimpflug tomography and completing with interferometry.

Following the Wavelight-Plus automated ray-tracing calculation, the default treatment presented by the software is the 
calculated one and not the subjective manifest refraction entry, as was usual in all predecessors customized software by 
the same manufacturer noted above – yet another difference to previous customized versions used by the same excimer 
laser.

This actual ray-tracing customized treatment can be adjusted in a final step by the surgeon prior to ablation for any of 
the low order aberration parameters: sphere, cylinder and axis, but cannot be adjusted in regard to the higher order 
aberrations calculated by the ray-tracing analysis and planned to be corrected – these are not the high order aberrations 
calculated by the Hartman–Shack Wavefront captured by the Sitemap, but those by the automated ray-tracing Wavelight 
Plus software.

The calculated tilt correction by the ray-tracing software, also cannot be adjusted by the surgeon.
In summary refraction and visual function data evaluated in all cases were:

● 1 – Uncorrected distance visual acuity: UDVA
● 2 – Corrected distance visual acuity; CDVA with the subjective manifest clinical refraction:
● 3 – low contrast sensitivity.
● 4 – Sitemap measurements and refraction calculation pre-operative and at 24 months post-operative.
● 5 – Subjective post-operative visual function feedback from the patients based on the National Eye Institute 25-Item 

Visual Function Questionnaire (VFQ-25) modified by RAND34 interviewer-administered format (Appendix II) and 
evaluated on post-operative month 24.

Results
We treated a total of 21 consecutive patients, 20 were followed-up for the 24th post-operative month, one patient 
a female had to relocate outside Greece, by month 1 following her LASIK treatment and was excluded as we did not have 
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3 nor 24-month data. Of the cases presented herein there were 12 female and 8 males. The patient demographic and pre- 
operative refraction data are summarized in Table 1.

The average subjective manifest refractive error changed from −4.38 ± 2.54 diopters (D) pre-operative to +0.11 ± 
0.19 D 24 months post-operative; Subjective manifest refractive astigmatism was measured from −0.76 ± 0.91 
D (range −2.75 to 0 D) pre-operative to −0.13 ± 0.16 D 24 months post-operative, tomographic astigmatism changed 
from −1.16 ± 0.64 D (range −0.2 to −2.8) pre-operative to −0.47 ± 0.11 D post-operative, all at 24 months follow-up. 
Of all cases 65% appeared to improve by at least one line of vision, while 38% appeared to improve by 2 lines of post- 
operative UDVA when compared to pre-operative CDVA. All the visual function and refraction data noted above are 
summarized in Figure 1. Pre-to post-operative total high order aberrations measured by the RMSh metric (total high 
order aberrations) by the Sitemap device, changed from 0.25 um pre-op to 0.35 um 24 months post-op. Low contrast 
sensitivity appeared better 24 months post-operatively, when compared to pre-op, in all frequencies studied as noted in 
Figure 2.

Regarding the NEI VFQ-25 questionnaire administered at 24 months we chose 6 key questions from the large number 
of questions evaluated,35 relating to post-operative quality of visual function:

● 1 – subjective quality of vision,
● 2 – subjective patient comfort with their eyes,
● 3 – near vision subjective function,
● 4 – night vision subjective function,
● 5 – subjective comfort while performing weekly hobbies,
● 6 – and last subjective quality of vision in night driving.

All summarized in Figure 3.

Discussion
Clinical evaluation of wavefront-guided customized treatment of high order aberrations: coma, trefoil and spherical 
aberration has been shown to improve post-myopic LASIK visual function outcomes.2,7,11,12 Customization of myopic 
LASIK treatments based on topography, has also demonstrated clinically visual function advantages.13,14,19–28 The 
subjective manifest refraction measurements present usually less cylindrical power and often of different axis to that 
measured by tomography, studied in the FDA study by ALCON (WaveLight ALLEGRETTO WAVE® Eye-Q Excimer 
Laser - P020050/S012, Summary of Safety and Effectiveness Data, page 31: (assessed on March 1st, 2020 at: https:// 
www.accessdata.fda.gov/cdrh_docs/pdf2/P020050S012b.pdf27 demonstrating improved visual outcomes regarding lines 
of visual acuity gained post-operative. We introduced and reported the principle of topography-modified refraction 
(TMR) in a contralateral eye study demonstrating that this treatment refraction modification in myopic LASIK may offer 
improved visual outcomes.28

Table 1 Patient Demographic and Pre-operative Refraction Data

Mean Age: 29.95 years (range: 21–49)

Sex: 8 male, 12 Female
Myopia: Mean: −4.38 D (range: −1.25 to −9.75), Median: −5 D

Astigmatism: Mean: −0.76 D (range: 0 to −2.75), Median: −6.25 D

Keratometry Steep: Mean: 43.57 D (range: 41 to 46.5), Median: 43.45 D
Keratometry Flat: Mean: 42.41 D (range 39.9 to 45.5), Median: 42.3 D

Contact Lens Wear: 17 yes, 3 none

Abbreviation: D, Diopters.
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Figure 1 Summary of results; specifically 1A: UDVA pre-operative in green and 24 months post-operative in blue columns, 1B: change in CDVA at 24 months post- 
operative, 1C: attempted vs. achieved graph of spherical equivalent (SE) correction, 1D: SE refractive accuracy of correction at 24 months, 1E: Documented refractive 
astigmatism; pre-op in green and post-op in blue columns and 1F: Stability of SE refraction change graph from pre-op, at 1 month and 24 months.
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The customization outcomes described herein, based on the study of myopic and myopic astigmatic LASIK 
treatments using the Wavelight-Plus ray-tracing automated customization platform appear to offer the same level, if 
not better visual outcomes previously reported with topography-guided customization and manual adjustment of the low 
order aberrations with TMR,28 with automated calculations instead, validating the clinical significance of the previous 
work we reported above and the steps taken to calculate low and high order aberrations.

Conclusion
This small single-arm observational consecutive case series appears to offer effective and safe long-term correction of 
myopia and myopic astigmatism, by employing the FS200 femtosecond laser and the EX500 Excimer laser and the 
customization platform of Wavelight-Plus with automated ray-tracing. The visual function data post-operative as well as 
the positive subjective feedback documented by the subjects underline the potential importance of correcting higher 
aberrations and improving human eye optics that as a result may offer higher visual function performance post-operative 
when compared to pre-operative, for most patients treated.

Figure 2 Low contrast sensitivity data comparison: pre-operative in red, compared to 24 months post-operative in blue using the Stereo Vision device.
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Figure 3 NEI VFQ-25 questionnaire, 6 selected key question responses. Credits: The VFQ-25 questionnaire used in this study was developed at RAND under the 
sponsorship of the National Eye Institute.35
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Credits
The VFQ-25 questionnaire used in this study was developed at RAND under the sponsorship of the National Eye 
Institute.

Study Data Sharing
The authors have posted individual deidentified participant data to be asseccible on the registry link below. The specific 
data are noted on a spreadheet and include patient sex, age, preoperative refraction, keratometry, UDVA and CDVA, as 
well as the 1 month 3 month and 24 month data. They will be accessible indefinitely as noted in the statement below: All 
individual deidentified participant data will be available at the ISRCTN registry as: ISRCTN73528436. Registry access 
link: https://doi.org/10.1186/ISRCTN73528436.

Funding
This study # 59917561, was funded by a non-restricted investigator-initiated study, by Alcon Hellas. Presented in part as 
a poster at the winter ESCRS meeting in Portugal, February 2022 and the ASCRS meeting in Washington, DC 
April 2022.

Disclosure
The author (AJK) serves among other commercial entities as a scientific consultant for Alcon/Wavelight (Erlangen, 
Germany).
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