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INTRODUCTION

1 INTRODUCTION

1.1 General Introduction to the topic

The development of science and technology in the field of eye surgery has been
rewarding. Laser vision correction procedures have seen several advancements in
past decades, either due to the improvements in the clinical techniques being utilized
or due to the technical advancements in the Laser systems. Modern Laser systems
are much more sophisticated and offer sub-micron precision to successfully treat
higher order aberrations by etching complex shapes on the cornea.

Achieving accurate clinical outcomes and reducing the likelihood of a retreatment
procedure are major goals of refractive surgery. The credit of the ongoing growth in
this field also partly goes to the patient expectation in today’s modern age of
connectivity, where the patients educate themselves well regarding the risks and
benefits of any medical procedure. The patients nowadays demand new and more
sophisticated therapeutic strategies with high success rates and predictable outcomes,
particularly in Laser corneal refractive surgery, to maximize their visual performance.

Despite being a worldwide accepted surgery procedure with predicable and safe
outcomes, it is not a risk free technique, with existing open challenges. Topics like
centration reference in refractive procedures, role and preservation of bilateral
symmetry in vision, relevance of laser system calibration, importance of aspheric
ablation profiles and customized treatments, are only few of the many research fields
that are being extensively pursued by the research community in collaboration with
commercial institutions.

The technical performance of the laser systems is very much dependent on their
calibration routine. Ablating plastic model corneas not affected by biomechanical or
other biological effects, with clinical lasers, allows to directly measure the actual
ablation pattern provided by the laser, avoiding the approximations and assumptions
used in theoretical models. However, plastic models are not intended to mimic the
response of the cornea but rather used to characterize the laser systems. The
relationship between calibration material and the cornea, and the underlying
mechanism behind the response of the cornea to excimer laser ablation, warrants
further research.

Several parameters characterizing the laser beam are critical for an accurate and safe
refractive surgery and can influence the laser ablation process as well as its outcome.
Minimizing the post ablation roughness of the cornea and the applied laser energy on
the cornea, can only benefit in minimizing the risks of the surgery and reducing the
post-operative recovery time, potentially also improving the visual quality compared to
the state of the art procedures. Another important aspect for consideration in post-
operative refractive outcomes, is the epithelial masking that will finish the smoothing
process after the corneal ablation.

In the recent years, the application of femto-second lasers in the realm of refractive
surgery have paved the way for minimally invasive refractive techniques, however due
to the expanse of excimer laser systems and the related clinical procedures vastly
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performed throughout the world, the research interests in the application of excimer
Laser technology still remains strong. At the light of the existing unresolved issues, it
is pertinent and justified to attempt to address them using the scientific method and

engineering tools.
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1.2 Motivation and Hypothesis of this Thesis

Despite continuous growth in this field of medical application, Laser refractive surgery
yet presents unresolved problems and optimization avenues. Being accepted globally,
refractive surgery procedures are being performed worldwide. Although, Operation
Theater conditions are relatively standardized, local climatic conditions may still affect
anatomy and physiology of the cornea tissue of the patients and furthermore influence
the working environment of the laser system itself.

Corneal excimer laser ablations result in increases in surface roughness and leads to
stromal morphologic changes. Such surface changes are an important factor in any
laser refractive correction procedure, where smoother ablated surfaces show more
efficient refractive correction, induce less scatter postoperatively, and present a more
regular optical surface for a faster healing. Postoperatively seen stromal roughness
can be simply expressed as sequences of stromal peaks and troughs. In the natural
healing process of the cornea, the epithelium would need to fill up the troughs to the
level of the peaks to eliminate roughness and regularize the corneal surface.

These challenges acted as the main motivation for this work. A research work to
approach these issues may help reducing the complications and occurrence of
adverse events during and after refractive surgery, improving the short term and long
term postoperative quality of vision, reduce the time of postoperative recovery, as well
as reduce the ratio of retreatments and reoperations.

The starting hypothesis for this thesis is that is possible to quantify the influence of
environment conditions on refractive procedures. Furthermore, if the influence of
environment conditions could be developed into a feasible mathematical model,
ablation strategies and calibration routines could be developed for laser platforms, for
efficiently compromising the variations and potentially delivering more predictable
results in various geographical conditions and patient demographics.

Furthermore, it is possible to quantify the influence of post-ablation roughness on vision
and perception, and optimize refractive procedures for a minimum post-operative
roughness. A theoretically modelled optimized laser beam profile and placement
strategy to place the laser spots on corneal volume, could be empirically tested for
improvements in terms of surface roughness, by ablating material of known and
standard ablation properties. These improvements could be developed into new
algorithms and engineered in new generations of laser systems.

The intention of this dissertation is to describe in detail the theoretical framework and
experimental procedures undertaken to pursue the research goals, and describe and
discuss the obtained results and their implications in detail. The results and
improvements derived out of this work can be directly applied to the laser systems for
corneal refractive surgery.
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1.3 Laser Refractive Surgery

For a patients suffering from refractive errors, such as nearsightedness (myopia),
farsightedness (hyperopia'), astigmatism or presbyopia?, refractive surgery is a
method for correcting or improving their vision.

For people who are nearsighted, refractive surgery techniques reduce the curvature of
the cornea to make it flatter, in order to reduce the focusing power of the eye. The
result is that the images that were focused in front of the retina, due to a longer eye or
steep corneal curvature, are pushed closer to or directly onto the retina following
surgery. Similarly, for farsighted people refractive surgery procedures aim to achieve
a steeper cornea to increase the eye's focusing power so that the images that are
focused beyond the retina, due to a short eye or flat cornea, are pulled closer to or
directly onto the retina after surgery. Refractive surgery techniques can also selectively
reshape portions of an irregular cornea in order to make it smooth and symmetrical,
correcting astigmatism.

With the introduction of the laser technologies®# for refractive surgery®, the change of
the corneal curvature to compensate in a controlled manner for refractive errors of the
eye® is more accurate than ever. Standard ablation profiles based on the removal of
convex-concave tissue lenticules with sphero-cylindrical surfaces have proved to be
effective in the compensating primary refractive errors. The procedure is nowadays
arguably a successful technique, due to its sub micrometric precision and the high
predictability and repeatability of corneal ablation” accompanied by minimal side
effects®.

1.3.1 Laser Tissue Interactions

When photons strike the surface of the tissue, because of the refractive index change,
a portion of the photons are reflected according to the angle of incidence. Photons
penetrating the surface are refracted, obeying the law of Snellius, which states that
photons entering a medium with a higher refractive index are refracted towards the
normal to the surface. In the tissue, the photons may be scattered, changing their
direction of flight according to the probability function expressed as the anisotropy
factor, or absorbed, exciting the absorbing molecule by an electronic transition®.

The first systematic presentation of the reaction mechanisms of lasers with tissue was
given by Boulnois in 1986'° (Figure 1). Another important finding was the “selective
photothermolysis” by Anderson and Parish in 1983'". It is the damage confined to the
specific tissue structures by selection of laser wavelength, regulation of pulse duration,
and repetition rate.
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Figure 1. Plot of laser-tissue interaction mechanisms over time of interaction. Modified
from Boulnois JL. Photophysical processes in recent medical laser developments: a
review. Lasers Med Sci. 1986;1:47-66 [3]>10

Photochemical interactions include chemical effects and reactions with
macromolecules or tissues induced by exposure to laser radiation of low power
densities (upto 50 W/cm?). This reaction mechanism is used in medical applications
like Biostimulation and Photodynamic therapy.

The energy of laser irradiation is transferred into heat due to the absorption of the
photons by tissue components, namely DNA/RNA, chromophores, proteins, enzymes,
and water. The laser irradiation that is absorbed by the tissue, heats the tissue, leading
to an increase in temperature. Thermal diffusion is responsible for heat flow into the
tissue. If the exposure time with a laser pulse, is short compared to the diffusion time,
this leads to “thermal confinement” and the pulse energy is converted into heat in a
tissue volume determined by the inverse absorption coefficient, and the spot size.
Depending on the increase in temperature, various effects are observed in the tissue,
like coagulation (60°C), vaporization (100°C), carbonization (>100°C) and melting
(>300°C).

The preconditions for tissue ablation are high absorption and very short laser pulses.
Analogous to the thermal confinement, one can define a stress confinement when
tissue is heated up so fast that the pulse duration is shorter than the propagation time,
of the stress wave through the heated volume. When the stress wave cannot leave the
heated volume during the laser pulse, then it is removed with the ablation of the
material and the surrounding tissue is not damaged. This reaction mechanism is
applied in popular refractive surgery methods like LASIK. For the photoablation
process, a simple model has been derived to calculate the ablation depth called the
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“‘Lambert-Beer” model. According to this model, to ablate tissue, an ablation threshold
must be surmounted. Below this threshold, no material is removed and laser energy
results in thermal effects only. This is presented in more details in 1.3.5.

Plasma induced ablation involves well-defined removal of tissue by optical breakdown
without evidence of thermal or mechanical damage, with laser pulses of very high
power densities (10" — 10" W/cm?) and very short pulse durations (pico-second to
femto-second pulses). At even higher power densities, Photodisruption is observed,
involving a multi-cause cascade effect starting with optical breakdown followed by
shock wave generation, cavitation and jet formation. Figure 2 presents the relation
between the pulse duration and corresponding depth of penetration in biological tissue
for different laser types. Areas are marked for normal thermal reactions, thermal
confinement (the pulse duration is shorter than the thermal diffusion length or thermal
relaxation time) and stress confinement for ultrashort laser pulses®.
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Figure 2. Schematic of laser types, the corresponding tissue reactions, pulse duration,
and optical penetration depth®

1.3.2 The Origins of Refractive Surgery

Ophthalmologic laser surgery was first conceived when a team of three IBM
Corporation workers were trying to estimate new uses for the Excimer laser. They
wondered if the laser could make such clean cuts in human or animal tissue like it
could already perform in polymer materials. The first tissue they ablated was bone,
cartilage and meat from the turkey one of them had for dinner the previous
Thanksgiving day'2. When cutting some patterns on the tissue, they observed that only
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the spot focused by the laser was affected, while the surrounding tissue had no
evidence of damage.

This story happened in 1981. Two years later, the first excimer lasers for surgical
treatments were performing radial keratotomies on human eyes'S. Late in the 80’s
Photo-Refractive Keratectomy'* (PRK) was performed with broad beam lasers,
mechanical debridement, small optical zones (5 mm), without transition zones, and the
surgery used to be unilateral; around the same time, excimer laser keratomileusis'®
was performed with thick free caps, ablated on the underside of the flap and then
sutured in place. In the early 90’s, Laser-Assisted in Situ Keratomileusis'® (LASIK)
was developed, by creating a hinged flap; ablating on the stromal surface, where no
suture was needed. In the mid 90’s the first scanning lasers were used'’, and the
ablation zones were increased up to 7 mm, moreover alcohol debridement was slowly
replacing mechanical debridement in the surfaces treatments. Late in the 90’s laser
systems were enhanced by adapting Eye-Tracking technologies'®. In the early 2000’s,
Laser-Assisted Sub-Epithelial Keratectomy'® (LASEK) was introduced by creating
epithelial flaps, and the laser technology improved introducing flying spot patterns.
Over the years, Laser corneal refractive surgery has become a revolution in
ophthalmology, allowing surgeons to correct precisely and safely refractive defects in
a stable manner. Until the introduction of laser corneal refractive surgery, these
refractive defects could only be corrected by ophthalmic prostheses such as
spectacles or contact lenses, or they could be approached by a restricted elite of
pioneer surgeons in the form mechanical keratomileusis or intraocular surgery with all
the complications and risks that these techniques imply.

Since the introduction of the excimer laser surgery of the cornea by Trokel'® in 1983,
more than 70 million treatments (or 35 million patients) have been successfully
performed. As the prevalence of myopic defects in western societies is about 30%2"
and of above 50% in Asian countries, the potential of the surgical techniques reaches
more than 1 billion people (without consideration of their economic means). With time,
new procedures have been developed, more reliable and for a wider spectrum of
cases. These have been assorted by their chronological appearance and briefly
explained in the following section.

1.3.3 Different Modalities in Refractive Surgery
Radial keratotomy?? (RK)

This was the first refractive surgical procedure. It can correct myopia and astigmatism
and consists of a series of (radial) incisions on the cornea in a pattern that emulates
the spokes of a wheel.

Photorefractive keratectomy® (PRK)

This procedure is more advanced. The epithelium is first removed mechanically and
the stromal bed is exposed. Subsequently an ablation is made on the stroma in order
to correct the eye's ametropia. After the procedure, the epithelium is allowed to regrow
naturally.
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Phototherapeutic keratectomy?3 (PTK)

The PTK involves removing tissue from the eye, in order to remove any irregularities
that may be present. The difference with any other treatment is that its aim is to ablate
the same depth at every point of the treatment zone, making a flat treatment.

LASER in situ Keratomileusis?®* (LASIK)

The goal of this procedure is the same as PRK, which is to correct any ametropia that
may be present in the eye, although the method is differently applied as the aim of this
procedure is to retain the epithelium as undamaged as possible. For this procedure, a
flap is mechanically created and the stroma is exposed; the laser ablation is applied
directly on the stroma. After the procedure, the flap is repositioned and allowed to heal
naturally.

Transepithelial PRK?® (TransPRK)

This procedure is basically the combination of a PTK and a PRK. The epithelium is first
removed by a PTK treatment and then the PRK is performed. This procedure allows
the surgeon to handle the cornea solely with the laser, without any major mechanical
actions involved. This feature renders TransPRK procedures their industry jargon of
“No-Touch technology”.

Subepithelial keratectomy'® (LASEK)

This procedure is born from the LASIK technology, but instead of creating a stromal
flap, only an epithelium flap is taken off using an alcoholic solution. The difference to
the PRK procedures is that the epithelial flap is put back on the eye after the stromal
ablation for naturally healing, instead of allowing a new epithelial layer to naturally
regrow as featured in PRK. This procedure might be suitable for people who have a
thin cornea, where a LASIK procedure might be too risky.

Femtosecond assisted LASIK?6 (FemtoLASIK)

The only difference between this procedure and regular LASIK is the technique for
making the corneal flap. Instead of applying mechanical ways, the corneal flap is made
with a femtosecond laser. This feature renders FemtoLASIK procedures their industry
jargon of “Bladeless technology”.

Epipolis LASIK2” (EpiLASIK)

This procedure is a combination of LASIK and LASEK, the only difference to LASEK
is the method of removing the epithelium. Instead of using an alcoholic solution, a blade
is used to create the epithelial flap. At the end of the surgery the epithelium is put back
on the eye for naturally healing.

SubBowman Keratomileusis?® (SBK)

This procedure is essentially similar to LASIK, only featuring a thinner flap created right
under the Bowman's layer.
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Epipolis LASEK?® (EpiLASEK)

This procedure is essentially similar to EpiLASIK but features application of an alcohol
solution to reduce post-operative pain.

Small Incision Lenticule Extraction3° (SMILE)

A relatively new refractive procedure was developed starting in 2007, when an
intrastromal lenticule method was reintroduced as an alternative to LASIK called
Femtosecond Lenticule Extraction (FLEX) intended for patients with extreme myopia.
Following the implementation of FLEx, ReLEX®SMILE was developed. A ReLEx®
SMILE Laser Eye Surgery is a one-step procedure compared to LASIK which is a two-
step procedure. During a SMILE procedure, the femtosecond laser is used to cut a
small corneal lenticule (precise lens-shaped disc within the cornea) and then it is
removed via a small keyhole incision.

1.3.4 Wavefront Aberrations of the eye and their Zernike representation

The optical quality of an eye is significantly determined through its wavefront
aberration. The wavefront is defined as the multidimensional surface of the points with
equal phase. The difference from each of the points having length units to a wavefront
reference surface (typically either a planar wavefront surface or a spherical wavefront
surface) determines the wavefront aberration (Figure 3).

parallel beam ideal wavefront

plane wavefront aberrated beam

\ irregular wavefront

Figure 3. The wavefront aberration. For the ideal wavefront, the light shall converge
into a single point after passing through the optical system. However, for an irregular
wavefront affected by aberrations a single image point is not observed. Courtesy of
Prof. Austin Roorda.
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The wavefront aberrations always define an optical error, regardless of whether it is
corneal wavefront aberration (wavefront aberrations limited to only the corneal surface
obtained by using corneal topography-derived wavefront analyses3'-®?) or ocular
wavefront aberration (wavefront aberrations of the complete eye obtained by Scheiner
aberroscopes®3, Tscherning aberroscopes®*3°, Hartmann screens®6:37, Slit skiascopic
refractometer3®, Hartmann-Shack®® or other type of wavefront sensors*%4'). Similarly,
for correcting aberrations, one can focus on two aspects, the correction of corneal
aberrations exclusively (Corneal wavefront guided treatments), or the correction of
total eye aberrations (Ocular wavefront guided treatments).

A wavefront aberration expressed as expansion in series of Zernike polynomials takes
the form:

0 +n

WA(p.0)=> > C'Z"(p.0)

n=0 m=—n

Equation 1
Where WA is the wavefront aberration described in polar coordinates, Z[n,m] are the

Zernike polynomials (Figure 4) in polar coordinates and C[n,m] are weight coefficients
for the Zernike polynomials.

10
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As the C[n,m] are just weight coefficients, they are non-dimensional, and the Z[n,m]
are the Zernike polynomials described in units of length. Therefore, the wavefront error
is described in units of length. Aberrations can be divided into two groups, the low
order, which is best known as the spherical (myopia and hyperopia) and astigmatic
defects, and a second group of high-order aberrations. Among the high-order
aberrations, the spherical and comatic aberrations have the greatest importance.
These optical errors described by the Zernike polynomials and the coefficients of the
Optical Society of America (OSA) standard are used to design the wavefront guided
treatment plan.

1.3.5 Theoretical Aberration Profiles

Commercially available laser systems used in refractive surgery employ different
morphological features, superficial dimensions and contours of the ablations, to induce
a defined optical change in a feasible manner*?. The interaction of excimer laser
radiation and corneal tissue is a complex process, involving both ultraviolet
photochemistry and rapid thermal decomposition. With the flying-spot laser system,
the corneal ablation behavior is mainly governed by the relationship between the per-
pulse tissue ablation depth and the fluence (energy per illuminated area) of the incident
laser radiation.

Many parameters have to be considered in designing an efficient laser ablation. One
is the selection of the appropriate wavelength (193.3+0.8 nm for ArF) with optimum
depth of absorption in tissue, which results in a high-energy deposition in a small
volume for a speedy and complete ablation. The second parameter is a short pulse

11
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duration to maximize peak power and minimize thermal conductivity to the adjacent
tissue (ArF excimer based t<20 ns).

The radiant exposure is a measure of the density of energy that governs the amount
of corneal tissue removed by a single pulse. The depth of a single impact relates to the
fluence, and also the thermal load per pulse increases with increasing fluence.
Knowing the fluence and details of the energy profile of the beam (size, profile, and
symmetry), we can estimate the depth, diameter and volume of the ablation impact*3.
Assuming a super Gaussian beam profile, the following equation applies:

I(r) = Ioe_z(%ej}v

Equation 2

where | is the radiant exposure at a radial distance r of the axis of the laser beam, lois
the peak radiant exposure (at the axis of the laser beam), Ro is the beam size when
the radiant exposure falls to 1/ezits peak value, and N is the super-Gaussian order of
the beam profile (where N=1 represents a pure Gaussian beam profile, and N—
represents a flat-top beam profile). For human corneal tissue irradiated with
nanosecond pulses at 193nm, the ablation threshold takes values of about 40-50
mJ/cm? 4445 and the absorption coefficient is about 3.33-3.99 um'. Fisher and Hahn
also described a global ablation model that incorporates a dynamically changing tissue
absorption coefficient that substantially deviates from a static Lambert- Beer model.

The ablated volume of a single spot is much smaller than the total ablation volume.
Due to this, multiple laser pulses are sequentially delivered on to the cornea. Each
laser pulse locally ablates a small amount of corneal tissue. The global process is an
integral effect of the local process of each individual laser pulse. Thus, the ablation
profile must be deconvolved into a series of shot positions, often requiring more than
10,000 shots for the surgery. A higher spot profile gives a higher ablation volume but
a lower resolution. On the other hand, a lower spot profile increases the resolution at
the cost of increasing the ablation time and the thermal effects due to increased
number of laser pulses invested in ablating the same volume. Additionally, using laser
pulses with a very low spot profile close to the threshold of the material would mean
only imparting thermal effects instead of making any real ablation. All these factors
make the energy selection a sensitive criterion. While selecting the optimum energy, a
delicate balance needs to be accounted for, between the material thresholds,
resolution of the laser pulses, thermal effects of the material and the total ablation time
required.

1.3.6 Customized Laser Vision Correction

Customized laser vision ablation was first introduced in 2001, using ocular wavefront
aberration data*. This novel technique was made possible thanks to Liang and
coworkers®® who could, for the first time, measure ocular high order aberrations
(HOAs) in the human eye using a Hartmann Shack aberrometer.

12
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It is still not known precisely whether an “optically perfect eye” after surgery is better
than preserving the aberrations that the eye had before surgery. Although the optical
quality of the eye can be described in terms of the aberration of its wavefront, healthy
individuals with a certain degree of “super vision” have been found to have a
measurable degree of aberration in their wavefront*’. Moreover, it has also been
observed that the individuals with smaller wavefront aberration are not always the ones
scoring the best visual qualities. Thus, the optical quality of the human eye estimated
through the wavefront aberrations does not determine its visual quality in a univocal
way. However, the induction of aberrations, such as spherical aberrations and coma,
has been related to a loss of visual acuity*®, accommodative deterioration*?, or visual
quality degradation.

Awwad et al.5° defined “customization” as: “The planning of the most optimum ablation
pattern for each individual eye based on its clinical diagnosis and visual demands”.
Individuals with specific wavefront patterns and optical demands deserve
individualized treatment solutions. It is often the case that the best approach for
planning an ablation is a sophisticated pattern, which can still be simply described in
terms of sphere, cylinder, and orientation (axis).

Wavefront correction can be achieved by applying the reverse wavefront. Because a
refractive surgery laser system can only remove the tissue rather than add the tissue,
the wavefront correction must also consider shifting the ablation profile from negative
values to positive values only. Furthermore, the correction is performed by modifying
the anterior front surface of the cornea by photoablation. Thus, the change in the
refractive index of air (n=1) and the cornea (n=1.376) boundary must be included.
Applying these considerations, the ablation at a given point takes the form:

Abl(p,@) _ WA(p,é’)—min [WA(p,é’)}

nCornea - nAir

Equation 3
Where, Abl(p,0) is the ablation at a given point (in polar coordinates), WA the wave

aberration, and ncomea and nair the refractive indices of the cornea and the air,
respectively.
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1.4 State of the Art in refractive surgery
1.4.1 Bilateral symmetry in vision

The role of bilateral symmetry and summation (or fusion) in forming the visual ability in
humans, has been pursued since centuries. The binocular visual system in humans
possesses a cardinal feature to unify two separate monocular views to render a
cyclopean view of the surroundings. In both the eyes, the visual axis is symmetric to
the nose-chin axis towards the nasal visual field, representing bilateral symmetry
(enantiomorphism). The binocular visual system also makes stereopsis possible®!. The
parallax provided by the different positions of the two eyes in the head, gives humans
a precise sense of depth perception®2. Binocular viewing of a scene creates two slightly
different images of the scene. These differences, referred to as binocular disparity,
provide information that the brain can use to calculate depth in the visual scene,
providing a major means of depth perception®s.

Other important features of binocular vision include utrocular discrimination (the ability
to tell which of two eyes has been stimulated by light)®*, eye dominance (the habit of
using one eye when aiming something, even if both eyes are open)>®, allelotropia (the
averaging of the visual direction of objects viewed by each eye when both eyes are
open)%8, binocular fusion or singleness of vision (seeing one object with both eyes
despite each eye's having its own image of the object), and binocular rivalry (seeing
one eye's image alternating randomly with the other when each eye views images that
are so different they cannot be fused)®’. Arba-Mosquera and Verma®® analyzed the
role of bilateral symmetry in enhancing binocular visual ability in human eyes, and
further explored how efficiently bilateral symmetry is preserved in different ocular
surgical procedures.

The bilateral symmetry (enantiomorphism) in human eyes with respect to the nose-
chin axis enables a much wider horizontal field of view than vertical field of view.
Humans have a maximum horizontal field of view of ~190 degrees with two eyes, ~120
degrees of which makes up the binocular field of view flanked by two uniocular fields
of ~40 degrees each. Further to this, both eyes show many interrelated symmetries
and can influence each other in several ways. Light falling in one eye affects the
diameter of the pupils in both eyes. If one eye is open and the other closed, the closed
eye follows the accommodation of the opened eye. The state of adaptation of one eye
can have a small effect on the state of light adaptation of the other. Li Y. et al.®
evaluated the symmetry between the right and left eye of 397 subjects in 14 biometric
parameters. They found a potentially clinically important inter-ocular symmetry in
spherical equivalent, best corrected visual acuity (BCVA), average corneal curvature,
Jackson crossed cylinder power of corneal astigmatism (CJO and CJ45), intraocular
pressure, central corneal thickness, axial length, anterior chamber depth, lens
thickness and vitreous chamber depth. However, for keratoconic patients a greater
inter-ocular asymmetry in pachymetry and posterior corneal elevation variables has
been reported®®5'. Based on inter-ocular symmetry, many diagnostic methods have
been presented to discriminate between normal and keratoconic cornea®263.64,

Studies have verified the correlation of aberrations from the left and right eyes
indicating the presence of significant bilateral symmetry®%66, In addition to the
aberrations in the ocular optics, cone directionality (Stiles-Crawford effect) also
controls the retinal image quality sampled by the photoreceptor array. Marcos et al.®”
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investigated in twelve subjects the symmetry between the right and left eyes for
wavefront aberration (measured using a spatially resolved refractometer) and cone
directionality (measured using an imaging reflectometric technique). Although they
found that the pattern of aberrations is in general non-symmetric, suggesting that the
development of aberrations follows independent paths in many right and left eye pairs,
but cone directionality is in most cases mirror-symmetric (with one case of direct
symmetry), suggesting some systematic process underlying cone orientation.

Strong inter-ocular disparity detrimentally affects the binocular summation®869.70,
severely affecting vision, leading to conditions like Amblyopia (for eg. strabismic,
anisometropic and form vision deprivation amblyopia)’!”273 and Nystagmus (when
the visual axes of the two eyes are far apart)’+75. All these relationships clearly point
to the critical importance of maintaining (and at best improving) the existing bilateral
symmetry of eyes, after an ocular surgical procedure. Very few studies in the literature
have addressed the issue of analyzing the symmetry of aberrations between eyes after
corneal laser refractive surgery. Refractive surgical procedures are mostly performed
monocularly. It is significant to evaluate how a monocularly performed refractive
procedure influences the inter-ocular symmetry.

Jiménez et al.®® analyzed the binocular visual function after LASIK. They evaluated
visual performance, monocular and binocular contrast sensitivity function in 68 patients
(136 eyes). They found that inter-ocular differences above 0.4um of the Root-Mean-
Square (RMS) for a 5-mm analysis diameter, lead to a decrease of more than 20% in
binocular summation. They concluded that the binocular function deteriorates more
than monocular function after LASIK. This deterioration increases as the inter-ocular
differences in aberrations and corneal shape increase. Similar findings were reported
by Villa C et al.”®. Another important aspect in maintaining the bilateral symmetry is the
morphology of the LASIK flaps, where LASIK flaps created with a femtosecond laser
have shown to preserve the symmetry and regularity in flap morphology with a more
regular planar shape in comparison to a meniscus shape in the flaps created with a
mechanical microkeratome’”-78. Arbelaez et al.”® compared the preoperative and
postoperative bilateral symmetry between OD and OS eyes that have undergone
femto-LASIK using Aberration-neutral ablation profiles. They concluded that the
treatment maintained the global bilateral symmetry, as well as the bilateral
symmetry between corresponding Zernike terms contributing to the bilateral
summation.

Limited number studies have evaluated the after effect of refractive surgery on bilateral
symmetry. Furthermore, for the studies focusing on this topic’®’,the method to
determine whether or not symmetry is maintained consist of comparing individual
terms in a variety of ad hoc ways both before and after the refractive surgery, ignoring
the fact that retinal image quality for any given individual is based on the sum of all
terms. The analysis of bilateral symmetry should be related to the patients’ binocular
vision status®’. The role of aberrations has not been evaluated precisely in relation to
the visual ability. A patient with a high level of aberrations can have an excellent visual
acuity and vice versa, additionally a patient may not have good stereopsis but may
show good aberration symmetry. Furthermore, these relationships have been majorly
studied monocularly; evaluating them for binocular vision poses new challenges®®.

15



INTRODUCTION

1.4.2 Choosing the treatment centration in Refractive Surgery

The human eye is an optical system comprising mainly four non coaxial optical
elements (anterior and posterior corneal and lens surfaces), an aperture stop (pupil)
and an imaging film in the form of a light sensitive tissue layer called the retina, but
conforming a robust aplanatic design compensating the spherical aberrations and
coma through a non-planar geometry. Each optical element has its own optical (axis
containing the center of curvatures of the optical surfaces of the eye) and neural axes
(axis of receptors and retinal neurons peaking at the foveola and declining
monotonically with increasing eccentricity). Although, the optical surfaces are aligned
almost co-axially, the deviations from a perfect optical alignment results in a range of
optical and neural axes and their inter relationships. The sharpest vision of a target is
realized when it is in line with the fixation target and the fovea of the retina (visual axis).
Displacing the pupil or the target object from this axis, results in reducing the optical
and visual properties of the system. Arba-Mosquera et al.8!, summarized the optical
and neural axes of the eye along with their interrelationships and presented a
perspective on the difference between the on and off axis performance of the eye in
terms of the optical and neural image quality. These metrics significantly affect the
performance and outcomes of popular laser based refractive surgeries®. Many axes
of the eye have been described with conflicting and confusing definitions, in the history
of physiological optics, while a comprehensive and widely used representation has
been presented by Thibos et. al.23 (Figure 584).
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Figure 5. Representative axes of the human eyes
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The centration of ablation in refractive surgery has been extensively studied. Different
centration approaches are applied by commercial laser systems used in refractive

surgery (Table 1).

considering
contralateral viewing
eye to reduce parallax

S.No. | Company Device Technique Applied Type
1 Alcon LadarVision Semi-Automated based | Under the The whole ablation is
6000 on on-screen laser shifted
identification of CSCLR
2 Bausch&Lomb | 217 Zyoptix Manually based CLR Under the The whole ablation is
(but not truly CS) laser shifted
3 Bausch&Lomb | 317 Teneo Manually based CLR Under the The whole ablation is
(but not truly CS) laser shifted
4 CustomVis Pulzar Z1 Fully-Automated based | Under the The whole ablation is
on limbus registration laser shifted
5 ivVIS iRES Fully-Automated based | Under the The whole ablation is
on iris registration laser shifted
6 KATANA LaserSoft Manually based CLR Under the The whole ablation is
(but not truly CS) laser shifted
7 KERA IsoBeam Manually based CLR Under the The whole ablation is
(but not truly CS) laser shifted
8 LaserSight AstraScan Manually based CLR Under the The whole ablation is
(but not truly CS) laser shifted
9 Nidek Quest Manually based CLR Under the The whole ablation is
(but not truly CS) laser shifted
10 Novatec LightBlade Manually based CLR Under the The whole ablation is
(but not truly CS) laser shifted
11 SCHWIND ESIRIS Manually based on Under the The whole ablation is
Corneal Vertex laser shifted
(numerically taken from
diagnosis)
12 SCHWIND AMARIS Manually based on During Only the optical axis is
AMARIS Corneal Vertex treatment shifted (even for
7508 (numerically taken from | planning customized treatments),
AMARIS diagnosis) but the whole ablation
500E remains concentric to the
AMARIS pupil boundaries
1050S
16 VISX Star S4 IR Fully-Automated based | Under the Only pupil centration is
on iris registration laser possible
17 WavelLight Allegretto Manually based CLR Under the The whole ablation is
Allegretto- (but not truly CS), for laser shifted
Eye-Q large offsets or angles
EX500 (alpha, kappa, lambda)
Concept1000 | “in between”
18 ZEiSS- MELS80 Manually based CLR Under the The whole ablation is
Meditec MEL90 (but not truly CS), laser shifted

Table 1. A summary of the centration techniques applied by various commercial laser
refractive systems. Here CS is coaxially sighted, CLR is corneal light reflex and CSCLR
is coaxially sighted corneal light reflex. It is worth noting that iVIS IRES, KATANA
LaserSoft, KERA IsoBeam, LaserSight AstraScan, Nidek Quest, SCHWIND AMARIS,
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WaveLight Allegretto and EX500, and ZEiSS-Meditec MEL80 and MEL90 use a video
based eye-tracker from the same supplier in slightly different versions.8’

Controversy remains regarding optimal centration in corneal refractive procedures.
The ideal location to maximize visual outcome is yet to be determined. Pupil center
considered for a patient who fixates properly defines the Line of Sight in refractive
procedures. Pupil Center may be the most extensively used centration method for
several reasons. First, the pupil boundaries are the standard references observed by
the eye-tracking devices. Moreover, the entrance pupil can be well represented by a
circular or oval aperture, similar to the most common ablation areas. Centering on the
pupil offers the opportunity to minimize the Optical Zone size (and hence ablation depth
and volume). However, Pupil Center is not necessarily the reference for which the
patient is actually driving the visual axis during manifest refraction. Moreover,
variations in the pupil center in changing light conditions can dramatically affect the
centration during ablation. Since the pupil center is a non-stable target, a
morphological reference is more advisable in refractive surgery.

De Ortueta et. al.®> proposed the use of the corneal vertex measured by a
videokeratoscope as a morphological reference to center corneal refractive
procedures. If the human optical system were truly coaxial, corneal vertex (defined as
the point of maximum elevation) would represent the corneal intercept of the optical
axis. Ray tracing indicates that the optical axis is the ideal centering reference. The
corneal light reflex is formed by the reflection of light from the anterior corneal surface;
in other words the virtual image of the light source also called as the first Purkinje
Sanson image. Many researchers have postulated that the coaxial light reflex from the
cornea lies closer to the corneal intercept of the visual axis than the pupil center and
thus recommended the corneal coaxial light reflex as the center in refractive surgery?®®.
The entrance pupil is a virtual image formed by the light reflex from the real pupil
refracted by the cornea. The corneal light reflex can be considered as non-constant
but dependent on the direction of gaze of the eye with respect to the light source. An
examiner behind the light source can observe the deviation in corneal light reflex as
the direction of gaze changes. Furthermore, due to the parallax between the entrance
pupil and the corneal light reflex, the exact projection of the corneal light reflex on to
the patient entrance pupil depends on the position of the examiners eye behind the
light source. The Coaxially Sighted Corneal Light Reflex® will be seen differently
depending on surgeon’s eye dominance, surgeon’s eye balance, or the stereopsis
angle of the microscope. In order to avoid these complications other centration
approaches are also preferred by some researchers?®.

Hybrid centration approaches have also been advocated, combining the information of
acquired from different measurements like three-dimensional corneal with peripheral
elevation data®”, or considering pupil center and corneal vertex information
simultaneously®. Another approach for ablation centration could be to focus on the
presumed photoreceptor axis. Since the photoreceptors are aimed at the center of the
pupil, light passing through the center of the normal pupil is more effective in simulating
the photoreceptors. This argument reinforces the use of pupil centration as reference.
However, referencing the photoreceptor axes directly or indirectly has not been studied
clinically.
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Active eye tracking during the refractive procedure and transformation algorithms aid
the transformation of Zernike eye aberration coefficients for scaling, rotation and
translation in the pupil®®2%°1, An eye tracker makes the laser beam follow the eye
movements and helps avoid severe decentration, however, studies show that an active
eye-tracking system alone cannot ensure good centration®. Patient cooperation and
fixation are important. Cyclotorsion in the seated and the supine patient has been
measured in many studies. Statistical significance of cyclotorsion on the visual
outcomes after refractive surgery has been argued in the past®394. The rotational
movement of the eye can influence any centration reference to a certain degree.
Furthermore, the relationship between the vertex and pupil centration can also vary
during rotation. This can affect the ablations designed by converting the axis centration
reference in comparison to the reference followed in the diagnostic devices. Assuming
that the cyclotorsion angle can be estimated and compensated for with a certain level
of uncertainty introduced by the components involved in the measurement, a function
was proposed to modify the wavefront error in order to minimize the residual aberration
magnitudes due to this uncertainty in cyclotorsion measurement®s. The results
suggested that in a perfectly performing laser system, an “overplanned” treatment will
never minimize residual wavefront aberration, independent of the cyclotorsion
uncertainty. An “underplanned” treatment calculated will minimize the residual
aberration magnitude imposed by the higher order Zernike terms, and will reduce its
relative orientation to the original aberration pattern. These results concur with the
findings of Shi et al.?¢, who developed a stochastic parallel gradient descent (SPGD) -
based algorithm to optimize the wavefront-guided correction based on measured
scleral contact lens movements for three keratoconus eyes, and found adjustment
factors in the same range.

Arba-Mosquera et. al.®” analyzed the theoretical impact of decentered ablations in
inducing coma. They found theoretically, that “aberration-free™” profiles should be
centered referred to corneal apex, whereas customized treatments should be centered
according to the diagnosis reference (since the aberrations maps are described for a
reference system in the entrance pupil center). Arba-Mosquera and Verma®® proposed
a simple and inexpensive numerical (nonwavefront-guided) algorithm to recenter the
optical zone and to correct the refractive error with minimal tissue removal. Based on
the reconstruction of ablation achieved in the first surgical procedure, they calculated
a target ablation (by manipulating the achieved Optical Zone) with adequate centration
and an Optical Zone sufficient enough to envelope the achieved ablation. The results
of their simulations suggest minimal tissue removal with Optical Zone centration and
expansion. Enlarging the Optical Zone implied correcting spherical aberrations,
whereas inducing centration implied correcting coma.

Defining the optimum center for laser ablation is difficult with many available
approaches, each of them claiming to provide good results. The problem comes from
the fact that the real cornea is not a rotationally symmetrical volume, and the human
eye is an asymmetrical optical system®. In theory, even under the consideration of the
Stiles-Crawford effect and wide-field vision (as opposed to on axis foveal vision), an
ideal optical zone covering the widest entrance pupil is imperative to avoid glare and
has shown to result in improved clinical outcomes; this may be as important as the
centration reference. The reduction in potential optical side effects of axis misalignment
with a wider total treatment zone is at the cost of increased tissue consumption,
however, low and moderate corrections usually present with enough tissue to remain
within safety limits®'.
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1.4.3 Choosing the Appropriate Treatment for a Given Patient

Ocular Wavefront Guided treatments aim at eliminating or reducing the total
aberrations of the eye, and have the advantage of being based on objective refraction
of the complete optical system of the human eye. The main critics of this approach
have argued that aberrations, especially the ones of the crystalline lens, change
significantly with accommodation and with age. Hence, the goal “zero aberration”
would be inconsistent throughout the day and throughout the years, not to mention the
changes in aberration due to the tear film%0.

In many instances, performing Corneal Wavefront Guided treatments offers several
unique advantages over ablations based on the total Ocular Wavefront. The ability to
translate a topography to a wavefront map, and decompose the latter into individual
aberrations with the ability to select and deselect them allows for a slimmer ablation
profile, with less risks of postoperative refractive surprises, and less corneal
biomechanical impact and subsequent remodeling. The defects are also corrected
exactly at their origin — the anterior corneal surface. Additionally, the treatment planning
is not limited by the pupil size, as the topographic coverage is normally larger than the
pupil size, allowing larger optical zones®C. However, the repeatability/accuracy of
devices when measuring living tissue, introduces some variability. Topography is
measured under bright light conditions which might cause pupil constriction and also
pupil center shift relative to that in normal photopic levels.

It is vital to evaluate both corneal and internal aberrations (in a non-accommodated
state), to determine if corneal and ocular aberrations are being balanced out by one
another, and whether a particular type of aberration is better to be removed or to be
left as is. Aberration Neutral (aspheric) or Wavefront Optimized approach aims at
leaving the eye as it was before the treatment, in terms of Higher Order Aberrations.
These have the advantage of saving tissue and time, and due to their relative simplicity,
offer very high predictability’.

Wavefront customized treatments can only be successful if the pre-existing aberrations
are greater than the repeatability and the biological noise. These are not always the
“gold standard”, and different treatment methods offer different benefits and have their
respective shortcomings. Therefore, the treatment should be tailor made and
customized for each individual eye based on its clinical diagnosis and visual demands.
Figure 6 showcases a detailed decision tree process, the decision assistant wizard,
which helps choose the best treatment modality for a given eye or patient, and which
has been published using the SCHWIND AMARIS laser'®. While the general
principles of this decision tree-based planning can be applied to any other laser
platform offering aspheric and Wavefront Guided profiles, some specific aspects
concerning both diagnosis and treatments may depend on other manufacturers’
specifications.

The decision process starts by estimating the global optical impairment resulting from
the measured wave aberrations. This is done by objectively determining the actual
clinical relevance of single terms in a Zernike expansion of the wave aberration. In
general, for the same magnitude of aberration, the optical blur produced by high order
aberrations increases with increasing radial order and decreases with increasing
angular frequencies. Based on this, the dioptric equivalent (DEQq) is used. If the global
optical blur for both corneal and ocular wave-aberrations are below 0.25DEq for both
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eyes, then the aspheric aberration neutral treatment should be applied. If the global
optical blur for any corneal or ocular wave-aberrations is between 0.25DEq and
0.50DEq for any eye, the CDVA achieved during the Manifest Refraction tests should
be checked. If it is better than 20/20 for both eyes, then the patient should be asked
about complaints regarding night vision or, in general, quality of vision. If no complaints
are reported, then the treatment to be applied is aspheric aberration neutral
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Figure 6. Decision-Tree for selecting the treatment mode (Aspheric aberration neutral,
Corneal Wavefront Guided, or Ocular Wavefront Guided)
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If the patient reports complaints regarding quality of vision, the CDVA is worse than
20/20 for any eye, or the global optical blur for both corneal and ocular wave-
aberrations are above 0.50DEq for both eyes, then corneal and ocular wave-
aberrations are to be compared. For this, one shall calculate the differential aberration
(Corneal Wavefront aberrations — Ocular Wavefront aberrations, both centred at the
line-of-sight) in terms of the Zernike expansion, and estimate the global optical
difference. If the global optical difference between corneal and ocular wave-aberrations
is below 0.25DEq for both eyes, both corneal and ocular wave-aberrations are
considered equivalent. In this case, the treatment to be applied depends on the
available diameter of the wavefront maps and the scotopic pupil size. Usually the size
of the Ocular Wavefront aberration maps is similar to the size of the scotopic pupils,
whereas Corneal Wavefront aberration maps are wider (up to 10 mm in diameter). If
the diameter of the Ocular Wavefront or Corneal Wavefront aberration map (the one
providing the largest diameter) is at least as large as the scotopic pupil size (in natural
dark conditions) reduced in 0.25mm, then Ocular Wavefront Guided or Corneal
Wavefront Guided ablation is preferred (the one providing the largest diameter),
otherwise aspheric aberration neutral ablation is chosen®°.

If the global optical difference between corneal and ocular wave aberrations is above
0.25DEq for any eye, then the internal wave aberration is relevant. In that case, the
treatment to be applied is Ocular Wavefront Guided, unless the patient's age or
crystalline lens status would suggest a lens exchange procedure®.

Considering the above-mentioned selection criteria and normal patient population for
laser refractive surgery, aberration neutral and Corneal Wavefront Guided treatments
cover the majority of cases, compared to Ocular Wavefront Guided treatments suiting
a minority of the patient population®°.

Particularly the treatment of astigmatism in laser based vision correction procedures is
commonly done using two different planning strategies; one based on the ocular
refraction of the eye and the other based on the shape of the cornea. The two treatment
planning strategies originate since the refractive and topographic astigmatism do not
always coincide precisely. Their differences can be precisely described by Ocular
Residual Astigmatism (ORA), defined as the vectorial difference between corneal
astigmatism and the refractive cylinder at the corneal plane expressed in diopters (D)
and degrees'?"1%2_ In normal eyes treated for myopic astigmatism, the ORA typically
ranges from 0.73 to 0.81 diopter (D)'°":192_|n one study'', the ORA exceeded 1.00 D
in 34% of eyes; in addition, 7% of eyes treated with manifest refraction alone exceeded
the preoperative magnitude of topographic astigmatism. The ORA can be even higher
in more irregular corneas such as in cases of keratoconus (1.34 D)103:104.105,

The influence of ORA on the post-operative status also depends on the goals of the
refractive procedure. If the goal is only to eliminate the need of spectacles, laser
ablations based only on manifest refraction can suffice. However, ignoring the ORA
and sculpting the cornea based only on the manifest refraction has the penalty that the
entire ORA remains as the post-operative surgical residual astigmatism, also resulting
in induction of spherical aberrations in some cases'®'. This conflict between the two
treatment planning strategies for astigmatism correction can be resolved in a balanced
manner, following the Vector Planning method, which incorporates both the measured
corneal and refractive astigmatism data across the whole ablation profile01.106,107,108,
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1.4.4 Calibration systems in Refractive Surgery

After selecting the appropriate treatment for a patient, and the most suitable reference
for centering the laser ablation, the onus of etching the ablation profile on the cornea
with high precision and fidelity, lies on the technical solutions build within the laser
systems. Therefore, it is imperative to calibrate and maintain the Laser systems used
in refractive surgery to repeatedly deliver the same standards of performance over their
entire life cycle. This also makes the development of equally precise calibration
systems a challenging task for the Laser device manufacturers. A recent extensive
review article presented an account of the published literature on the technological
advancements in calibration systems, and explored the clinical impact of the error
introduced due to the roughness in ablation and its corresponding effect on system
calibration%°,

Figure 7 presents an overview of the cycle of calibration normally followed in Laser
systems for Laser vision correction. A Laser system sends regular feedback to the
calibration device, which measures the deviation with respect to the expected signal.
This regular feedback can be laser pulses directed on to the calibration device (for
example in case of Energy measurement) at regular intervals, or simply a prompt to
use the calibration device and perform a system calibration (for example in case of
plastic ablations requiring user interaction). The deviation of the achieved signal from
the expected signal acts as calibration data, which is interpreted either objectively or
subjectively. The resulting adjustment factor is fed to the Laser system for calibrating
the system performance closer to the expectation. This cycle is repeated at different
intervals depending on the frequency of the regular feedback, with different
methods'%°.
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Figure 7. Cycle of calibration followed in Laser systems for Laser vision correction.

A comparison of the different methods to calibrate the commercially available Laser
systems is presented in Table 2. Different ablation profiles are employed by different
Laser systems available commercially, for example, Bausch and Lomb Laser platforms
use a single point ablation profile, Wavelight and ZEiSS meditec platforms use Photo
therapeutic keratectomy (PTK) like ablation profiles, while SCHWIND, NIDEK and Kera
Laser platforms rely on the refractive ablation profiles. Statistically the standard error
in a measurement process is inversely proportional to the square root of the number
of measurements. Therefore, as a measure to reduce the error in calibration, multiple
ablations and measurements are often designed in calibration tests'%°.

Most commercial Laser systems used in refractive surgery follow different calibration
steps at different time intervals. These can be broadly classified as short term, mid-
term and long term calibration (Table 2). Short term calibration is performed in
SCHWIND AMARIS, Wavelight, Nidek and ZEiSS Meditec MEL90 Laser systems
where every Laser pulse delivered during the treatment is calibrated to a constant
energy. This is followed by a cumulative energy control after every treatment in
SCHWIND Laser systems, energy control after every treatment in Wavelight and Nidek
Laser systems, and mean energy control after every treatment in MEL90 and Kera
Laser systems. Mid-term calibration is done with a fluence test performed every two
hours in SCHWIND AMARIS and after every patient in ZEiSS Meditec MEL90 and
Kera Laser systems. Wavelight and Nidek Laser systems use daily PMMA ablation
tests for mid-term calibration of the systems. Long term calibration is performed with a
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PMMA ablation test in SCHWIND AMARIS, ZEiSS Meditec MEL90 and Kera Laser
systems at every technical service of the Laser system1°.

During a laser refractive correction procedure, the desired refractive change is
translated to a volume that is removed from the cornea using a multitude of laser
pulses. For a single point ablation, measuring the achieved ablation depth at a location
makes for a technically sound method of calibration. However, for a multi-point
ablation, several and varying ablation depths are achieved at different locations in the
ablated profile. Therefore, Laser systems could be calibrated based on the maximum
ablation depth at a particular location, average ablation depth of all the locations or the
average ablation depth within a region of interest on the ablated profile. Additionally,
the conversion rates between the ablation depth and refractive power varies across
materials and is highly dependent on the surrounding conditions, substantiating the
need for a customized complex modelling of the ablation process for an individualized
condition™%. Another important aspect is the interpretation of the calibration data and
accordingly the adjustment of the laser systems, by objective or subjective means.
Standards of technical training followed in the medical Laser industry is certainly very
high, however subjective misinterpretation of the data cannot be ignored. On the other
hand, objective calibrations need to incorporate plausibility tests, and protection means
against malfunctioning, since they do not have a human interface to validate how
valuable the data is (e.g. bad spots in a Hartmann Shack device).

The initial temperature of the ablated material influences the measurement and
subsequently the calibration of the Laser systems. This was shown with an
experimental argon fluoride excimer Laser with a repetition rate of 1050 Hz, a radiant
exposure of 500 md/cm?, and single pulse energy of 2.1 mJ, which was used for
photoablation of PMMA plates." The initial plate temperature varied from 10.1°C to
75.7°C. The initial temperature was measured with an infrared camera and the central
ablation depth of a myopic ablation of -9.00 diopters (D) with an optical zone of 6.5 mm
was measured by means of a surface profiling system. The ablation depth increased
linearly from 73.9 to 96.3 ym within a temperature increase from 10.1°C to 75.7°C
(increase rate of 0.32 ym/K). Based on these results and assuming a standard room
temperature of 20°C, optimal plate temperature was calculated to be 15°C to 25°C to
maintain an ablation within 0.25 D. Therefore, the temperature of PMMA plates for
clinical Laser calibration should be controlled ideally within a range of approximately
+5°C, to avoid visually significant refractive error due to calibration error.

The influence of parameters characterizing the laser beam, on the surface roughness
of ablation materials and corneal tissue is introduced in detail in the following sections.
For a better calibration of the Laser system, a higher fidelity is also needed in
measuring the ablated material. Surface roughness plays an important role in accurate
measurement of ablation performance. Therefore, along with improvements in
calibration systems, smoother ablations shall also be targeted for improving the fidelity
and minimizing the measurement error during the calibration process. In a comparative
study, Thomas et al. ablated the VISX calibration plastic and porcine cornea with
standard -3.00-D, -6.00-D, and -9.00-D settings using four different excimer Lasers.!'?
Electron microscopy and Laser interferometry were used for qualitative evaluation of
the ablated surfaces. Corneal ablation surface smoothness was graded by ten
independent observers. Calibration plastic ablated surfaces were evaluated
quantitatively for smoothness by Laser interferometry. In comparing ablation
smoothness among various refractive powers (-9.00 D, -6.00 D, and -3.00 D), a trend
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was observed that indicated a correlation of higher refractive settings with decreasing
surface smoothness. However, this trend was not statistically significant. The
quantitative Laser interferometry measurements supported the independent observer
ranking of the autonomous flying small spot ablation profile as the smoothest.
However, there were differences between the Laser interferometry smoothness
rankings and independent observer smoothness rankings.

Few recommendations regarding the laser system calibration can be made from the
clinical standpoint. The calibration of the pulse energy is more critical than ablation
depth as the energy can be technically manipulated with more accuracy whereas
calibration of ablation depth always depends on the calibration material and evaluation
method, and further involves conversion factors to estimate the performance on the
human cornea. Due to the strong influence of environmental factors like the number of
people in the operation room, temperature, humidity, dust, lighting etc., it is
recommended to perform system calibration in conditions as close to the final
environmental conditions seen in the operating room%°,
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Short Term Calibration Mid Term Calibration Long Term Calibration
Company Model Materi Devi Method Evaluati Numb Time Materi Device Method Evaluati Numb Time Materi Device Method Evaluati Numb Time
al ce on er of Interval al on er of Interv | al on er of Interv
Sampl Sampl al Sampl al
es es es
Alcon/ EX500 Energ Ener Constant | Objectiv Every Every PMMA Stylus PTK Subjectiv | 1 Every PMMA ? ? ? ? ?
Wavelight y ay Energy e Pulse Treatm Profilome ablation e Day
Meter ent ter
AMO/VISX Star ? ? ? ? ? ? Filofoc HS Refracti Objectiv 1 Every ? ? ? ? ? ?
S4 1R on ve e Day
ablation
B&L Teneo Energ Ener Constant | Objectiv Every Every PET Visual Single Subjectiv | 1 Every ? ? ? ? ? ?
y ay Energy e Pulse Treatm Spot e Patien
Meter ent t
Kera Isobea Energ Ener Mean Objectiv Every Every PET Visual Refracti Subjectiv | 1 Every PMMA | Stylus Refracti Subjectiv | 4 Every
m y ay Energy e Pulse Treatm ve e Patien Profilomet ve e Servic
Meter ent ablation t er /| Ablation e
Lensmeter
Nidek Quest ? ? ? ? ? ? PMMA Lens Refracti Subjectiv | 1 Every PMMA Lens Meter | Refracti Subjectiv | ? ?
Meter ve e Day ve e
ablation ablation
SCHWIND AMAR Energ Ener Cumulati Objectiv Every Every Fluenc Energy PTK Objectiv 2 Every PMMA Laser Refracti Objectiv 12 Every
IS y ay ve e Pulse Treatm e Foil Meter ablation e 2 Scanning ve e Servic
Meter | Energy ent hours Deflectom Ablation e
eter
ZEiSS MEL9 Energ Ener Mean Objectiv Every Every PET Visual PTK Subjectiv | 1 Every PMMA Lensmeter Refracti Obijectiv 1 Every
Meditec 0 y ay Energy e Pulse Treatm ablation e Patien ve e Servic
Meter ent t Ablation e

Table 2. Comparison of calibration materials, devices, methods, evaluation methods and frequency of calibration in
commercially available Laser systems for Laser vision correction. The question marks in the table represent no data
available™%9,
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1.4.5 Pursuit of ablation smoothness in Refractive Surgery

The human eye is a sophisticated optical system where the state of visual optics
defines many important aspects of visual performance, such as acuity and contrast
sensitivity. The retinal image formed by the eye is the basis of the human vision, which
is later perceived by the brain to complete the vision process. In order to qualitatively
and quantitatively analyze the performance of the eye, one must be able to first
compute the retinal image for a given source image and a given state of the eye
optics''®114. The optical performance of any optical system including human eye is
often described in terms of the wavefront error at the exit pupil. Standardized methods
have been developed to describe these errors over the pupil size, as a sum of a set of
weighted Zernike polynomials''>. These wavefront errors can be used to compute the
optical visual point spread function (PSF), and to thereby calculate the retinal image'"S.

Attempts have also been made to develop optical quality metrics for the human eye
that correlate well with visual performance. Although some of these metrics have
proven quite successful at predicting visual acuity”118.119 " refractive error'2°, or
subjective blur'?!, they have been based upon monochromatic descriptions of the eye’s
optical quality. Human vision generally involves polychromatic stimuli, which suggests
the need for polychromatic measures of retinal image quality; however, the wavefront
error of the eye is typically diagnosed with monochromatic stimuli. The complex
interactions between monochromatic and chromatic aberrations in forming the retinal
image'?>'2 has provided motivation to develop computational methods for
characterizing the optical quality of the eye that incorporate both types of aberrations.
Few general approaches have been proposed in the past for computing the
polychromatic image quality of the human eye from a single measure of
monochromatic aberrations'?4122125 Beyond the objective metrics, subjective
responses from the patients are also readily used to assess their visual performance,
but ophthalmologic questionnaires and statistical analysis methods also present
potential shortcomings'26.

More precise lasers with small laser spots and high repetition rates are now widely
used to manipulate the shape of the cornea to correct refractive errors. Corneal
remodeling is essentially similar to any other form of micro-machining. The lasers used
in micro-machining are normally pulsed excimer lasers, where the duration of the
pulses is very short compared to the time period between the pulses. Although pulses
contain little energy, given the small beam size, energy density can be nevertheless
high. This high energy and the short pulse duration yield a high peak power.

The radiant exposure, measured by the pulse energy density, governs the amount of
corneal tissue removed by a single pulse. In excimer laser refractive surgery, this
energy density must exceed 40-50 mJ/cm'?”. The depth of the produced ablation crater
by a single impact relates to the radiant exposure, also affecting the thermal load per
pulse increasing with increasing fluence'%.

Several parameters characterizing the laser beam are critical for an accurate and safe
refractive surgery'?®130.131 "and can influence the laser ablation process as well as its
outcome. These parameters include (but are not limited to) laser wavelength, pulse
duration, super Gaussian order, spot diameter, spot truncation, radiant exposure,
placement of laser spots achieved with the laser scanners and the debris removal
mechanism'32. It has been theoretically shown that corneal laser surgery could benefit
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from smaller spot sizes and higher repetition rates'33. Furthermore, higher refractive
settings correlate with decreasing surface smoothness. These results have been
reproduced in polymethylmethacrylate (PMMA) by O'Donnell CB et al.’3*, showing an
increase of 25 nm roughness per micron of ablation in PMMA. Various measurement
techniques have been developed for the measurements of surface roughness .

Smoothing agents and optimized energy distribution patterns have been also explored
to achieve smoother surfaces after laser ablation. Marco Lombardo et al.’3¢ examined
the impact of smoothing agent (0.25% sodium hyaluronate) on post-operative
roughness in porcine corneas subjected to Excimer laser photorefractive keratectomy,
by means of atomic force microscopy. Images of the ablated stromal surface showed
undulations and granule-like features on the ablated surface of the specimens. The
specimens on which the smoothing procedure was performed (root-mean-square
[RMS] rough: 0.152+0.014 um) were more regular (P<0.001) than those on which PRK
alone was performed (RMS rough: 0.229+0.018 pm).

Deviations of Lambert-Beer law affect corneal refractive parameters after refractive
surgery'¥’. Several mathematical models have been proposed in the recent times,
particularly for laser tissue interaction in refractive surgery, in the form of modifications
in the Lambert-Beer |aW138,139,14O,141,142,143,144,145,146,147,148,149_ One such model was
proposed by Arba-Mosquera and Verma*3, to determine the optimum laser parameters
for maximizing the ablation efficiency for different materials (in particular human
cornea) at different incidence angles. The model incorporated laser beam
characteristics and ablative spot properties, and provided a method to convert energy
fluctuations during ablation to equivalent ablation deviations in the cornea.

Arba-Mosquera et al.’®® presented the dual fluence concept for the sequencing of laser
shots in corneal ablation, for achieving higher fidelity and avoiding vacancies and
roughness of the cornea. Some commercially available laser systems for laser vision
correction’™' use the deconvolution method to decompose the ablation volume into
pulses’®?153.154 Previous generations of the SCHWIND AMARIS laser system used a
simple heuristic search, without local or global optimizations. Smart Pulse Technology
was realized in the SCHWIND platform of lasers during 2014. With Smart Pulse
Technology, the simple heuristic search was expanded to a global optimization
problem, which finds a balance between minimum residual roughness and maximum
ablation precision. SmartSurfAcE treatment (SCHWIND eye-tech solutions GmbH) is a
combination of TransPRK, implemented using the Smart Pulse Technology, aiming at
reducing the residual roughness to enhance the short-term outcomes without
compromising stability or long term outcomes'®%1%6, The ablation profile with Smart
Pulse Technology is described as a 3 dimensional volume with x/y/z-coordinates
based on a curved corneal surface where each position has an equidistant in the 3
dimensional room. SmartSurfA°t has shown to maintain or slightly improve
preoperative corneal asphericity for low to moderate myopic corrections (up to -6.00
D)'%7. Lin et al.’®® investigated the immediate and short-term visual recovery in a large
cohort of 2093 myopic eyes (with or without astigmatism) treated with SmartSurfACE
procedure. In this large cohort of eyes, immediate and short-term visual recovery was
rapid (achieved immediate average UDVA = 20/4118, improving further at 3-months
postoperatively to an average UDVA of 20/21£5), providing functional binocular UDVA
immediately after the surgery.
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1.5 Challenges in Refractive Surgery
1.5.1 Influence of Environment in Refractive Surgery

Laser-based refractive surgery techniques incorporate sophisticated calculations and
compensation of several variable factors involved in the entire process, with the global
aim of optimizing surgery outcomes in terms of visual acuity, contrast sensitivity, and
night vision. Technological advancements help realize new features in refractive
surgery like shorter treatment times, distributed thermal load with optimized spot
patterns,’®® and optimized ablation efficiency at non-normal incidence3159, Spatial
distribution of laser pulses on the cornea is controlled such that each pulse sequentially
ablates a small amount of corneal tissue, collectively etching a very refined pattern
calculated and designed to counterbalance the aberrations. Ultraviolet radiation
commonly used in laser refractive surgeries is regarded as “cold” radiation. The reason
for this consideration is that the thermal relaxation time of the molecules is usually
shorter than the thermal denaturation time'®. However, even these UV laser pulses
also impart a certain thermal load to the cornea tissue seen as an increase in ocular
surface temperature, observed through simulation models™!, in clinical
settings'61.162.163,164 a5 well as in laboratory settings'®51%6 further influenced by the
ablation parameters like the ablation frequency and type of treatment (intra-stromal or
surface type)'28,

Refractive surgery involves application of laser pulses on the corneal tissue, performed
in a temperature and humidity controlled environment. Despite strong climatic controls,
the varying degree of corneal hydration is linked to excimer laser corneal ablation
rates'6”-168, Luger et al.’®® analyzed the effect of seasonal changes in residual
refraction in 5740 consecutive treatments, one year after corneal refractive surgery
using the SCHWIND AMARIS laser system. Treatments performed in April, June,
August, September, and October showed relative undercorrections of the spherical
equivalent (SE) (-0.09D), whereas treatments performed in January, February, and
March showed relative overcorrections of the SE (+0.13D). Similarly, treatments
performed in spring and summer showed relative undercorrections of the SE (-0.04D),
whereas treatments performed in winter showed relative overcorrections of the SE
(+0.10D).

Dehydration of cornea begins as soon as the blinking is prevented (e.g. with use of lid
speculum), also influencing the ocular surface temperature'”®. Changing corneal
hydration affects laser ablation efficiency, which could influence the accuracy of
correction. Online optical coherence pachymetry reveals that ambient temperature and
humidity levels intraoperatively do not influence the outcome. Yet, basic structural
characteristics of patients along with both change in refractive index and corneal
shrinkage (because of corneal dehydration) are associated with differences in
pachymetry during the procedure'”, affecting postoperative outcomes in a subtle, yet
significant manner'”2. In another study, dehydration of the human cornea after insertion
of a lid speculum showed corneal thinning with a rate of 0.19um/s'"3.

As demonstrated in bovine eye experiments, significant changes in corneal hydration
are realized under different drying conditions and treatment methodologies'"4.
Dougherty PJ et al. studied the effect of corneal hydration on the excimer laser ablation
rate in bovine eyes and found that the dry component ablation rate (amount of collagen
and ground substance removed per pulse) increases as the cornea dries, and
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significant dehydration of the cornea before ablation might lead to relative
overcorrections of myopia'”>.

Laser systems often utilize plastic material ablations like PMMA for calibration!’¢, due
the good correlation between results of laser surface profilometry scans on PMMA and
clinical outcomes'””. But PMMA ablation may also be equally affected by the variations
in temperature and humidity'''. When a PMMA plate is ablated by excimer laser, debris
is generated, which may affect homogeneity of the laser beam and energy density, and
change the ablation rate. More powerful debris removal systems and smart shot
patterns in terms of thermal response have shown to improve the ablation efficiency of
excimer lasers on PMMA'32178 Dantas et al.'”® evaluated excimer laser fluence after
experimentally induced changes in room temperature and relative air humidity and
concluded that in a setting with controlled temperature and relative air humidity, subtle
changes in environmental factors do not appear to influence laser fluence and efficacy,
but acknowledge that the variations seen in PMMA test ablations may not translate
completely into clinical changes. Regarding tissue characteristics and specificity,
stromal tissue may be more sensitive to environmental changes than PMMA because
of the differences in ablation thresholds and the effects of dehydration.

With refractive surgery procedures being performed worldwide, laser systems need to
operate in different geographical locations with highly variable climatic characteristics.
Although, Operation Theater conditions are relatively standardized, local climatic
conditions may still affect anatomy and physiology of the cornea
tissue'79.180,181,182,183,184. and furthermore influence the working environment of the
laser system itself. All these factors are highly important for both the laser ablation
rates and hence post-ablation outcomes. Previous attempts have analyzed these
factors but at a single test location and under controlled climatic conditions that may
vary minutely compared to the standard climatic conditions at different geographic
locations. Plastic models like PMMA are readily used for calibration of the laser system,
but PMMA ablation may also be equally affected by the variations in temperature and
humidity'"", intern affecting the calibration and performance of the laser systems.
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1.5.2 Roughness in Refractive Surgery

Despite a myriad of technological advances in this field, laser corneal refractive surgery
still presents some challenges in achieving higher ablation smoothness and minimizing
the applied energy on the cornea. The temporal and spatial distribution of the laser
spots (scan sequence) has shown to affect the surface quality and maximum ablation
depth of the ablation profile. Smoothness of ablation may also vary with different
excimer lasers systems.'8% In a study, ablations were performed on PMMA plates, with
four different excimer lasers: VISX-Star, Coherent Schwind Keratom I/ll, Chiron
Technolas Keracor 117C (Plano Scan), and the Nidek EC-5000, to determine and
compare the homogeneity and smoothness of the surface. It was concluded that the
laser with Scanning spot technology produced smooth ablations even up to -9.00 D.
Ablation smoothness is also influenced by the spot positioning algorithms. Dago et al.
performed ablations on PMMA plates using four scanning excimer lasers, two with
flying spot technology (Zeiss-Meditec MEL-70, and a Russian-made unit, Microscan)
and two Nidek models with scanning slit delivery systems and an expanding iris
diaphragm (EC-5000 and EC-5000 CX).'8 The smoothest surface was obtained in
samples produced by Zeiss-Meditec MEL-70 unit (RMS=112 +/- 23 nm), followed by
the Nidek EC-5000 CX (RMS=153 +/- 12 nm), and the Microscan (RMS=181 +/- 11
nm). It was concluded that scanning excimer lasers based on flying spot technology
created smoother ablations on PMMA plates compared to the older Nidek EC-5000
unit.

Vinciguerra et al. used a Nidek Eas-1000 Anterior Eye Segment Analysis System to
examine the ablated surface or the interface regularity immediately after PRK and
LASIK™7, At 12 months postoperatively, they found that patients with no postoperative
irregularity had a sharply lower incidence of haze and a better refractive outcome
compared to patients showing corneal irregularity. Comparatively PRK has shown
better short-term visual acuities than LASIK due to the differences in healing of the
epithelium8, Although improvement in uncorrected visual acuity is more rapid in
LASIK, efficacy outcomes in the longer term generally are similar between the two
procedures'®. Performing a final smoothing immediately after PRK or LASIK has been
advocated to further improve refractive and optical outcomes'®. The claims that
surface ablation induces roughness needs to be conditioned with the clinical impact on
vision since measuring vision is the endpoint. Furthermore, the induced roughness is
generally ameliorated by epithelial resurfacing leaving an optically acceptable
interface, aiding the postoperative vision.

The roughness in ablation after refractive surgery is related to the transmission of light
in the cornea''. P. Perez-Merino et al.'% analyzed the relationship among
transmittance, scattering and epithelial surface properties during wound healing after
refractive surgery in hens operated using different refractive surgery techniques
(LASIK, LASEK, PRK). Their results suggested that higher roughness in the
epithelium-stroma interface causes a decrease of transmittance and an increase of
scattering. Larger differences between internal and external roughness of epithelium
contributes to produce a decrease of transmittance and an increase of scattered light.

The routine technique for evaluating the smoothness of an excimer laser keratectomy
has been scanning electron microscopy. However, this method suffers from tissue
shrinkage and surface artifacts, and evaluates the surface only in a qualitative manner.
In a study, a Zygo microscope was used to quantitatively assess the smoothness of
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the excimer laser ablated corneas, without complicated tissue processing. Significant
differences were reported between ablated corneas and PMMA blocks, where ablated
corneal surfaces were found rougher than the ablated PMMA surfaces'®. Hauge et
al.’¥ examined plane parallel plates of PMMA ablated using two excimer lasers, by
the means of focimetry, interferometry, and mechanical surface profiling.
Interferometry revealed marked irregularity in the surface of negative corrections,
which often had a positive "island" at their center. Positive corrections were generally
smoother. These findings were supported by the results of mechanical profiling.
Contrast sensitivity measurements carried out when observing through ablated lenses
whose power had been neutralized with a suitable spectacle lens of opposite sign
confirmed that the surface irregularities of the ablated lenses markedly reduced
contrast sensitivity over a range of spatial frequencies.

To test the effect of radiant exposure on surface smoothness, Fantes FE et. al.’®
ablated rabbit corneas with the 193 nm argon fluoride excimer laser at nine radiant
exposures from 50 to 850 mJ/cm?. They showed that the uniformity of the surface
following laser ablation may play an important role in the rate of epithelial healing and
amount and type of stromal scarring. It has been experimentally shown that high levels
of surface roughness produced by some laser systems may be sufficient to degrade
visual performance under some circumstances'®. Sean J. McCafferty'®” et al.
postulated that the surface changes demonstrated after excimer laser ablation may be
indicative of temperature-induced transverse collagen fibril contraction and stress
redistribution, or the ablation threshold of the stromal surface may be altered. This
phenomenon may be of increased importance using lasers with increased thermal
load.

Corneal excimer laser ablations result in increases in surface roughness, surface
contraction, and stromal morphologic change. Such surface changes are an important
factor in any laser refractive correction procedure, where smoother ablated surfaces
show more efficient refractive correction, induce less scatter postoperatively, and
present a more regular optical surface for a faster healing'5'%6. Furthermore,
postoperatively seen stromal roughness can be simply expressed as sequences of
stromal peaks and troughs. In the natural healing process of the cornea, the epithelium
would need to fill up the troughs to the level of the peaks to eliminate roughness and
regularize the corneal surface (Figure 8).
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Figure 8. Schematic representation of how the roughness is induced during the pulse-
by-pulse ablation process — exaggerated scale

All these researches and existing challenges substantiate the need for achieving a
smoother surface in laser ablation for vision correction, for achieving higher fidelity in
the post-operative outcomes. Although theoretical models and software exist to
qualitatively and quantitatively compute the monochromatic and polychromatic retinal
image for given state of the eye optics, to the best of our knowledge, there are no
proposed methods applying these models to analyze the impact of residual roughness
associated with laser ablation of the cornea in refractive surgery. Furthermore, despite
the various modelling approaches comparing the overall predicted performance of
laser platforms, an extensive analysis of the impact of individual laser beam
characteristics like spot energy, spot diameter, super Gaussian order, truncation
radius, spot geometry, spot overlap and lattice geometry on ablation smoothness will
add value to the scientific knowledge on the subject. These laser beam characteristics
may individually affect the ablation smoothness; for eg. truncating the flanks of the
beam profile to avoid thermal loads, preferring flatter beams for a higher ablation
volume per laser pulse, preferring smaller spot sizes to increase the resolution for
ablating fine structure, preferring lower pulse energy for imparting lesser energy on the
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cornea (but being more sensitive to perturbations), or preferring higher pulse energy
for achieving stability but at the expense of higher thermal load, may all impact the
ablation smoothness either constructively or destructively.

1.5.3 Nomograms in Refractive Surgery

Nomograms have been used from the beginning of refractive surgery. The need for
having nomograms is catalysed by variability. In order to achieve optimum results, the
laser systems available in the markets can be optimized based on their technical
specifications, but the results of refractive surgery also depends on the subtle
differences among lasers, surgeons, operation room environment and the patient
population and demographics. In order to compensate for these differences and obtain
optimum results, different values are treated by the surgeons compared to the actual
patient data. These adjustments are determined using Nomograms. Nomograms are
designed after precisely analysing a range of patient data based on several factors
contributing variability. The precision and success of a nomogram rests on several
factors like valid algorithm design, accurate patient data and correct grouping of the
data. In addition to this, nomograms must be constantly updated, as lasers, surgeons,
and techniques change over time8,

Feltham and Wolfe'%, retrospectively analyzed the effects of ablation size, refractive
errors, patient age, and corneal curvature on the retreatments and found that the older
the patient and the larger the refractive error, the greater the risk of not achieving a
residual refractive error of + 0.50 diopter (D) 3 months postoperatively and that corneas
that are steeper preoperatively have a greater risk of retreatment.

Most reported nomograms have provided accurate results for myopic spheres;
however, for hyperopic spheres and astigmatic outcomes the results are less
predictable. Moniz and Fernandes?® analyzed a nomogram for treating astigmatism
with LASIK. Similarly, Alpins and Goggin?®' provided a method to analyze refractive
outcomes of astigmatic refractive surgery. The Alpins methodology uses three principal
vectors and the various ratios among them provide an aggregate analysis of astigmatic
change with parallel indices for spherical correction. However, nomograms are only
useful if the effects of their proposed surgical plans can be positively verified. Gailitis%?
compared the outcomes between two different excimer laser platforms using optimized
nomograms and reported good results for both platforms, but superior results were
obtained with the platform using the more recent nomogram.

A nomogram can be designed based on several factors. One can analogise the factors
as variables that are used to design an equation that describes an empirical data
precisely. Looking at this process purely mathematically, the more variables that are
included in the analysis the better the fit becomes. However, there is no ideal criterion
to judge the relevance of the analysed factors on the refractive outcomes. These
factors are selected mostly based on scientific studies, common sense and sometimes
even a feeling. Although before including other factors, reaching an optimum basis for
the refractive surgery design is imperative'®8. Arnalich-Montiel et al.?%% examined four
systematic strategies and one intuitive approach for adjusting the ablation sphere in
myopic wavefront LASIK with reference to preoperative manifest refraction.
Surprisingly, they found that the postoperative manifest refraction spherical equivalent
varied less when non-systematic, intuitive adjustments to the ablation sphere were
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used. There was a strong trend toward reduced variability in the results in patients with
a larger wavefront diameter. The authors concluded that back-calculation to model
results with different pre-treatment ablation adjustment strategies might be useful to
eliminate unpromising new approaches before clinical trials.

In a retrospectively study'®®, seven strategies for adjusting refractive surgery plans with
reference to the preoperative manifest refraction were analysed based on the refractive
outcomes of 150 consecutive patients who underwent LASIK. In was concluded that
all nomograms anticipated minor improvements versus actual observed outcomes
without clinically relevant differences among them. The minimal uncertainties in
determining the manifest refraction (~0.6 D) are the major limitation to improving the
accuracy of refractive surgery nomograms. Therefore, more emphasis shall be placed
on the estimation of manifest refraction with higher precision, for improving the
treatment planning and accuracy in postoperative outcomes.
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1.6 Specific goals of this Thesis

This dissertation deals with multiple purposes and goals which are listed below:

Determining the Influence of Environment

TOPIC A: To analyze the effect of seasonal changes in PMMA Performance using the
SCHWIND AMARIS laser system?04

TOPIC B: To analyze impact of various humidity and temperature settings on excimer
laser ablation of PET, PMMA and porcine corneal tissue?°®

Minimizing Residual Roughness

TOPIC C: To analyze the impact of residual roughness after corneal ablation in
perception and vision206.207

TOPIC D: To outline a rigorous simulation model for simulating shot-by-shot ablation
process. Furthermore, to simulate the impact of laser beam characteristics like super
Gaussian order, truncation radius, spot geometry, spot overlap and lattice geometry
on ablation smoothness*3:208:209.210,

TOPIC E: To test the impact of laser beam truncation, dithering, and jitter on residual
roughness after PMMA ablations, using a close-to-Gaussian beam profile.2!!
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1.7 Thesis Synopsis and Outline

In this Thesis, the two main optimization avenues under consideration are, determining
the environmental influence on laser vision correction and minimizing residual
roughness after laser vision correction. These have been approached in a scientific
manner as illustrated in Figure 9.

Optimization strategies in

Laser Refractive Surgery

Determining the
Influence of
Environment

Minimzing Residual
Roughness

Influence on system caliberation Perception of roughness

- Mathematical model, Simulation &

- Experimients and Analysis
Analysis

. . Optimum laser beam characteritics for
Influence on ablation efficiency minimzing roughness

- Experimients and Analysis - Mathematical model, Simulation &
Analysis

Impact of laser beam characteristics on
roughness

- Experimients and Analysis

Figure 9. Specific goal and outline of the dissertation.

In the introduction section, several topical reviews of the own work related to
this thesis, have been presented. These helped to understand the state of the art
research and development done in the fields like bilateral symmetry in vision
and its influence of refractive surgery®, centration reference in refractive
surgery®!, calibration systems used in refractive laser systems'%, and planning
customized refractive procedure®. This formed a sound foundation to extract
the main challenges currently seen in the field of laser refractive surgery, and
device a strategy to approach the main research questions.
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The next chapters of the thesis deal with two research question:

Research Question 1:
“Can we quantify and compensate for the influence of environment conditions
on refractive procedures?”

This topic was approached in two steps.

First we quantitatively analyzed the effect of seasonal changes on the performance of
excimer lasers on PMMA inside a climate controlled environment, using a large series
of AMARIS laser systems. This helped understand the potential influence of seasonal
changes on system calibration and refractive outcomes. (Topic A)

The analysis in the first step was limited by the small range of variations in the room
conditions, which were being controlled to a standard value and were influenced only
by the seasonal variation. Therefore, in the second step we expanded the experiments
to test a wide range of environmental conditions, and different ablation materials used
for system calibration like PMMA, PET, furthermore ex-vivo porcine cornea. Not only
were the influence on ablation efficiency analyzed, but the influence on individual
metrics characterizing the laser beam were also examined. Finally, a mathematical
model was approached to potentially compensate the influence of the environment
factors (temperature and humidity) on refractive outcomes. (Topic B)

Research Question 2:

“Can we quantify the influence of post-ablation roughness on vision and
perception, and optimize refractive procedures for a minimum post-operative
roughness?”

This topic was approached in three steps.

In the first step, we developed a method and performed an exploratory study to
qualitatively and quantitatively analyze the impact of varying degree of corneal
roughness simulated through white and filtered noise, on the retinal image. The results
formed a motivation to continue the research work in this direction. (Topic C)

As a second step, a rigorous and generic simulation model was developed for
simulating the sequential shot-by-shot ablation process based on a measured or
modeled beam profile. Using this simulation model, we analyzed the impact of laser
beam characteristics like spot energy, spot diameter, super Gaussian order, truncation
radius, spot geometry, spot overlap and lattice geometry on ablation smoothness.
Finally, we defined a theoretical framework for determining the optimum Laser beam
characteristics for achieving smoother ablations in Laser Vision Correction. (Topic D)

This was followed by experiments to give empirical evidence for the impact of laser
beam characteristics on residual roughness after ablation, with an excimer laser
system. Furthermore, an optimum placement strategy for placing the laser spots to
discretize the ablation volume, was explored and empirically tested. (Topic E)
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Chapter 2 and 3 individually present the methods and results of each of the respective
topics under research mentioned above. Chapter 4 discuss the findings and their
relationship to one another and to the state of the art; also identifying the limitations of
our methods.

In chapter 4, an outlook is also presented; as a means to identify the aspects that could
not be analyzed in our attempts, but hold relevance to the research topic under
question. These aspects are the key to continue research in these fields and potentially
further optimize our methods and results.

Finally, in Chapter 5, the findings of this work are summarized, along with their
implications.

It is to be noted that some text in the methods, results and discussion section

(chapter 2, 3 and 4) was paraphrased from self-publications under review?2052!1
or already published?°8.206:207 jn journals, at the time of submission of this thesis.
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2 MATERIALS AND METHODS

2.1 TOPIC A: Effect of seasonal changes in PMMA Performance using the
SCHWIND AMARIS laser system

The aim of the following methods is to quantitatively analyze the effect of seasonal
changes on the performance of excimer laser ablation of PMMA using the SCHWIND
AMARIS lasers. By analyzing PMMA ablation performance by a large series of
AMARIS laser systems inside a climate controlled environment, the influence purely
coming from the seasonal changes is investigated in a large scale retrospective cross
sectional review. Analyzing the effects of variations in temperature and humidity on
PMMA during different seasons of a year can give more information on the influence
of seasonal changes on clinical outcomes in refractive surgery using the AMARIS laser
platform and also in general%4.

The performance of an AMARIS laser system is evaluated through a series of PET and
PMMA ablations (PMMA test'3?) as a final check for the systems under production, in
order to qualify the system as ready for clinical use. The PET ablations are used to
estimate the nominal number of laser pulses required to ablate a material of specified
thickness and ablation properties; whereas, PMMA ablations are used to estimate the
single laser pulse fluence and the ablation performance by comparing the achieved
ablation to the planned ablation. These series of ablations are repeated throughout the
lifetime of a laser system with a defined frequency in order to calibrate the system to a
nominal performance level. Generally, a higher single laser pulse fluence, and more
number of nominal laser pulses, shall lead to deeper ablations in PMMA, and ideally a
similar behavior during ablation of the cornea tissue.

In this study, 826 consecutive AMARIS systems (including models 500E, 750S,
1050RS) manufactured from February 2012 to February 2018 (6 years) were
retrospectively reviewed. For every system, PET and PMMA ablations performed as a
final check in production, were considered, to quantitatively analyze the effect of
seasonal changes on the performance of excimer laser ablation of PET and PMMA.
All the ablations were conducted in climate controlled environment at the SCHWIND
production facility in Kleinostheim, Germany. Although the room conditions were set to
a constant value, a small range of deviation in the set temperature and relative humidity
could not be avoided. Since this deviation (21-24°C temperature and 30-50% Relative
humidity) was very small compared to the variations in temperature and relative
humidity due to the seasonal changes, the pure influence of the seasonal changes
could still be evaluated.

Seasonal outcomes were evaluated in terms of PMMA and PET Performance stratified
for every month in a year, as well as stratified for each season in a year. The seasons
were defined with respect to the calendar months as, winter (January to March), spring
(April to June), summer (July to September) and autumn (October to December).

Statistical Analysis

e Since the standard PMMA test comprises of 12 different ablations'3?, for each laser
system the mean performance and standard deviation in all the ablations was
calculated.
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There are two energy settings available in the AMARIS laser system (High Fluence
standard value of “1.0mJ” (~450mJ/cm?) and Low Fluence standard value of
“0.7mJ” (~300mJ/cm?)). For each laser system, single laser pulse fluence
(estimated with PMMA ablations) and nominal number of laser pulses (estimated
with PET ablations), were recorded for both the energy settings.

Based on the distribution of the two energy settings in the AMARIS laser system,
and the measured single pulse fluence and nominal number of laser pulses, the
overall system performance was calculated for each laser system and termed as
the ‘technical’ performance of the system.

The parameters analyzed in the following steps were: Single laser pulse fluence
(High fluence and low fluence), nominal number of laser pulses (High fluence and
low fluence), Mean performance (in 12 PMMA ablations per system), Standard
deviation (in 12 PMMA ablations per system), and technical performance of the
system (comprising distribution of the two energy settings). For each of these
parameters, the global average was calculated for all the laser systems under
analysis.

The lasers were stratified depending on the season of the year and depending on
months of a year.

Student’s T-test was performed to statistically compare the stratified values of the
parameters based on the season of the year, with the global values of the
parameters. The level of statistical significance was set to < 0.05.

Percentage deviation in stratified values of each parameters was calculated with
respect to the global values

The results of this analysis are presented in the section 3.1
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2.2 TOPIC B: Impact of various humidity and temperature settings on excimer laser
ablation of PET, PMMA and porcine corneal tissue

The aim of the following methods is to quantitatively analyze the impact of a wide range
of temperature (~18°C to ~30°C) and humidity (~25% to ~80% relative humidity)
conditions on excimer laser ablation of PET, PMMA and ex-vivo porcine cornea.
Furthermore, we examine whether PMMA calibration may compensate for the
variations in the climatic conditions, to limit their possible influence in clinical
outcomes?05,

All the equipment used for the tests described in this section, including the SCHWIND
AMARIS 1050RS (Schwind eye-tech solutions, Germany) were placed inside a climate
chamber (Weiss Umwelttechnik GmbH, type ‘315'/SD 40...120DU — S’ at ACTS,
Magna in Sailauf, Germany). The various tests were conducted at different climate
(temperature and relative humidity) settings. The porcine eyes were procured from a
local slaughterhouse and transported to the test location. The pigs were killed less than
4 hours before starting the tests; however, they were killed for the commercial
purposes of the slaughterhouse and were not sacrificed for the tests mentioned in this
work. The porcine eyes were stored in glucose solution (11 saline solution + 19 ml of
DMEM Low glucose solution from PAA Laboratories GmbH) at room temperature
(~23°C), during transportation. At the test location, the eyes were stored in
refrigeration, until being ablated with an excimer laser. The eyes showing unwanted
characteristics like tears and abrasions in the epithelium, non-transparent cornea and
stale smell were removed from the cohort.

A schematic representation of the workflow involving various steps followed in the
methods is presented in Figure 10.

sClimate *Energy *Fluence test *PMMA Porcme eye X *Fluence Test *Energy *Next Climate
chamber setting Measurement Ablations Measurement chamber setting

-Removal of
epithelium

-Intra ocular
pressure control

- Topography X 3
- ABLATION

- Intra ocular
pressure control

- Topography X 3

Figure 10. A schematic representation of the workflow involving various steps
performed with an aim to analyze the impact of humidity and temperature on excimer
laser ablation of PMMA, PET and porcine corneal tissue.

The various steps shown in the workflow (Figure 10) are elaborated as follows:
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Climate chamber setting (Constitutes ‘a’ from the workflow shown in Figure 10)

The temperature and relative humidity in the climate chamber was set to the base
setting of temperature ~24+1°C and relative humidity (RH) ~45+2% respectively. This
setting represented the normal room conditions.

Energy Measurement (Constitutes ‘b’ from the workflow shown in Figure 10)

The single laser pulse energy was measured with a moving laser spot (using coherent
EnergyMAX J-25MUV-193) and the values were recorded. The energy sensor was
placed in the open, under the laser beam (close to the laser focus).

Material Ablation (Constitutes ‘c to d’ from the workflow shown in Figure 10)

Ablations were performed on PET and PMMA material of standard and controlled
thickness and shapes. The ablations were performed in order to measure the fluence
of the single laser pulse, and to estimate the efficiency of laser ablation on material of
known ablation properties'32. Fluence was measured for two energy settings available
in the laser system (High Fluence standard value of 1.0mJ (450mJ/cm2) and Low
Fluence standard value of 0.7mJ (300mJ/cm2)). The ablations ranged from a planned
ablation depth of 27um to 202um (in cornea, 11um to 89um in PMMA) and ablation
zone of 6.5mm.

Preparation of porcine eye (Constitutes ‘e’ from the workflow shown in Figure 10)
e Removal of epithelium

The epithelium was removed using surgical instrument Hockey Knife and Amoils
brush.

e Intra ocular pressure control

Intra ocular pressure was controlled with an infusion of Fresenius freeflex® Beutel
Ringerlésung. The pressure in the eye was subjectively checked by touching the
corneal surface with a fingertip, by a trained tester (Biomedical Engineer), in order
to match the intra ocular pressure commonly observed in an eye of a live human.
For the purpose of these tests, it was assumed that the intra ocular pressure of the
porcine eyes and human eyes is similar. After controlling the intra ocular pressure,
the infusion was removed from the eye.

e Measurement of corneal topography

Artificial tear drops (Oculosoft Care Multi) were used to moisturize the cornea. The
eye was aligned with the Keratron SCOUT topographer (Optikon2000 SPA, Rome,
Italy) and corneal curvature measurements were performed. At least three
measurements were performed and Maloney indices were recorded in all
topographic measurements.
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Laser ablation on porcine eyes (Constitutes ‘e’ from the workflow shown in Figure 10)

All the treatments were prepared using the SCHWIND CAM software in Aberration-
Free treatment mode (SCHWIND eye-tech-solutions, Germany). For the entire ablation
standard High (1.0mJ (450mJ/cm2)) and Low fluence (LF 0.7mJ (300mJ/cm?)) laser
pulse distribution of the Schwind ablation profile was used’°. The eye was mounted
on a holder and positioned at the ablation plane (aligned to the corneal vertex). For all
the eyes, identical treatment parameters were used. These are summarized in Table
3 and depicted as a snapshot of the treatment plan in SCHWIND CAM software (Figure
11). The repetition rate of the laser system was 1050 Hz for all the tests, however, the
local frequency of ablation was limited to the ‘intelligent thermal effect control’
frequency (normal iTEC frequency) of the AMARIS platform (i.e. system repetition rate
limited to 40 Hz local ablation frequency)?'2.

Parameter Value

Age 1 year

Planned refraction -15D

Maximum ablation depth 363um

Keratometric readings (K1 and K2) 21D

Treatment type LASIK Aberration free

Optical Zone 7.5mm

Transition Zone 2.5mm

Corneal pachymetry 750um

Ablation profile type Non-wavefront guided aspheric profile

Table 3. Parameters used for planning the treatment in SCHWIND CAM software
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1
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Ablation profile
Max

Hi 1

First name:

MATERIALS AND METHODS

01.01.2014

Date of birth: ~ Age: Gender.
1 Female

Type of treatment: Aberration-Free

Treatment method: FemtoLASIK

Type of refraction: Myopia
Imported file: None

Import diameter: None

Demo Mode

Optical zone:
Transition zone:

Ablation zone (max. 10 mm).
Max. ablation depth

Central ablation depth

Min. ablation depth:

Ablation volume:

SCHWIND

aye-tach-soluti

7,50 mm
2,50 mm

10,00 mm
362,1 ym
362,1 pm
0,000

9816l

Summary of aberrations @ 0Z =7,50 mm
Coma: 0,00um/0,00D @ 0°
Trefoil. 0,00 pm/0,00D @ 0°
SphAb: 2,73 um/1,74D

Pupil diameter: 0,00 mm
X 0,00 mm
Y: 0,00 mm

PV 127.96pm
RMS HO:  2,73pm/1,74D
RMStotal:  37,04pm/ 18,28 D

Cancel

Print

Refraction @ VD = 0,0 mm; RZ = 4,00 mm K-Readings
Sphere Cylinder Asis Pre: K1
15,000 0D x [ K2

RST manager

Central @ 0,00mm

750 ym 750 pm |
Flap thickn: 130 m 130 pm | @)

Avg K- Max abl: 363pm 363 pm | @

767D || RST(>250) 257 pm 257 pm

21,000 @ o
21000 @ 90°

Avg K:

Manifest 21000

Pachy

Target 0D 0D x [

Target K1: 767D @ O

0B x o K2: 761D @ 90°

Laser: 15,00 D

Figure 11. Snapshot of the treatment plan in SCHWIND CAM software

After ablation, the corneal topography measurement was repeated. The porcine eye
was discarded and the step ‘e’ was repeated for the next porcine eye. In this manner
a total of 12 eyes were ablated for each climate chamber setting.

Material Ablation and energy measurement (Constitutes f to g’ from the workflow
shown in Figure 10)

The single laser pulse energy was measured and the PET ablations were repeated
(like in steps ‘b’ and ‘c’ above, as shown in Figure 10).

Change in Climate chamber setting (Constitutes ‘h’ from the workflow shown in Figure
10)

The Climate chamber was adjusted to different test settings. For each test setting,
steps ‘b’ to ‘g’ were repeated, as shown in Figure 10.

The different Climate chamber settings (test settings) are presented in Table 4. These
were non-sequential to avoid/reduce hysteresis, condensation, and model bias. Each
setting was realized in a quasi-adiabatic manner, taking a total 1.5 hours (1 hour for
temperature/humidity change and 0.5 hour for thermal stabilization) to move from one
test setting to the next. These settings were achieved with a precision of <1°C in terms
of the temperature and <2% in terms of the relative humidity (according to the
calibration certificate, Weiss Umwelttechnik GmbH). The three-day long test plan was
designed such that in one day several ablations are performed in three different test
settings. In this manner, a total of nine climate settings were tested in three days. At
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the end of each test day, the climatic chamber was brought back to standard base
climate settings of ~24+1°C temperature with ~45+2% RH.

Setting Temperature Relative Humidity
1 ~24+1°C ~45+2%
2 ~18+1°C ~25+2%
3 ~18+1°C ~80+2%

End of Day 1 > Return to base climate setting ~2411°C with ~45+2% RH

4 ~30+1°C ~80+2%
5 ~30+1°C ~25+2%
6 ~24+1°C ~25+2%

End of Day 2 - Return to base climate setting ~24+1°C with ~45+2% RH

7 ~24+1°C ~80+2%
8 ~30+1°C ~45+2%
9 ~18+1°C ~45+2%

End of Day 3 = Return to base climate setting ~24+1°C with ~45+2% RH

Table 4. Different temperature and humidity test settings that were realized in a climatic
chamber for the purpose of the tests that lasted three days. At the end of each day,
the climate chamber was brought back to the base setting (~24+1°C with ~45+2% RH)

Analysis

For the purpose of analysis and presentation of results, for each test setting, all the
measurements (single pulse energy, high and low fluence, efficiency on PMMA, and
refractive change achieved in porcine eyes) performed before the ablation of porcine
cornea are referred to as pre-ablation measurements. Similarly all measurements
performed after the ablation of porcine cornea are referred to as post-ablation
measurements.

Maloney indices were analyzed in all topographic measurements. For each eye, all the
measurements performed pre-ablation and post-ablation were averaged separately.
The change in defocus was calculated from the difference of post-ablation to pre-
ablation Average Keratometric readings. The change in Cylinder was calculated from
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the difference of post-ablation to pre-ablation Cylinder readings, as the composite
change in cardinal and oblique astigmatism components.

Laser Scanning Deflectometery?'319 was performed to measure the refractive change
achieved in PMMA.

All the output values were normalized based on the average value of the metric. This
was done in order to analyze the results in the form of percentage relative change. We
describe the dependencies via a linear approximation. Hence, multiple linear
regression was performed using least square method with the predictive factors (Input
parameters): Temperature, Relative Humidity and Time stamp (since the beginning of
the test).

The linear ablation model was designed to estimate the outputs based on the predictive
factors. The generalized linear model approach was used, which can be represented
with the following Equation:

Output =ml-T +m2-RH +m3-t+C
Equation 4

Here, the input parameters Temperature, Relative Humidity and time are represented
as T, ‘RH’ and ‘t’ respectively. The Output means pre-ablation and post-ablation single
pulse energy, high and low fluence, efficiency on PMMA, and refractive change
achieved in porcine eyes. The slopes (m1, m2 and m3) and constant term (C) was
calculated for each Output parameter. The coefficient of determination (R2) was
calculated for each Output parameter and statistical significance of the predictive
factors was evaluated, with p <= 0.05 as the level of significance.

After ensuring the credibility of the ablation model, the influence of climate settings was
modelled for Single Laser Pulse Energy, Single Laser Pulse Fluence, ablation
efficiency on PMMA, and ablation efficiency on porcine cornea tissue. Based on these
outcomes, a working window of climate settings was defined for an optimum operation
of the laser system.

The results of this analysis are presented in the section 3.2
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2.3 TOPIC C: Impact of residual roughness after corneal ablation in perception and
vision

The aim of the following methods is to propose an approach to convert wavefront
aberrations modified for a varying degree of roughness, characteristic to the laser
ablation process, to a visual PSF, in order to calculate the polychromatic retinal image.
Using this approach, the impact of varying degree of corneal roughness (characterized
as random and filtered noise), on the simulated retinal image, is analyzed qualitatively
and quantitatively.206.207

The methods published by Ravikumar et al.'?® were used in the simulations. They
employed a model of ocular chromatic aberration based on population average levels
of Longitudinal Chromatic Aberrations (LCA), which has been shown to vary little from
eye to eye?'4, to examine the impact of different levels of monochromatic aberrations
and Transverse Chromatic Aberrations (TCA), which are known to vary widely from
eye to eye. Based on the methods, polychromatic PSFs calculated for the wavefront
aberration function of the eye, were used to compute retinal images for spectrally
homogeneous targets.

Theoretical Background for simulating retinal images

e The wavefront aberration function of the eye was used to calculate the
Monochromatic complex pupil function:

-2z

PF(x,y) = P(x,y)-¢ *

Wx.y)
Equation 5

Where, x and y are the pupil coordinates, P(x,y) is the amplitude component
which defines shape, size and transmission of the system pupil, W(x,y) is the
wave aberration function, and A is the reference monochromatic wavelength of
light at which the wavefront was defined. The parameter P(x,y) takes the Stiles-
Crawford Effect in to account. The wavefront W(x,y) can be defined using a
series of Zernike coefficients calculated over a pupil diameter.

e Monochromatic PSF was calculated from the complex pupil function using
Fraunhofer approximation formula:

PSF(x,y) =

Equation 6

e |f wavefront aberration maps are available for a representative selection of
wavelengths in the spectrum of the polychromatic source, then the calculation of
PSF can be repeated at each wavelength to obtain a family of spread functions.

In our simulations, we entered the wavefront for a wavelength of 550nm, and the

software estimated the wavefront (high and low order aberrations) for other
wavelengths as previously described?15.
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Polychromatic PSF was calculated using series of such monochromatic PSF and
weighting them by the luminance (S(A)) of the polychromatic source at that
wavelength

PSF,, (%,y)=[S(2)P(x,y.2)d2
Equation 7

Where, (S(A)) is given by the height of the source spectrum curve shown below
the LCA curve in Figure 12. Although, the luminance of the polychromatic
source was considered, the methods did not modulate the polychromatic PSF
for the sensitivity of the retina.
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Figure 12. Graphical interpretation of text Equation 7 for computing the polychromatic
PSF as the sum of luminance-weighted monochromatic PSFs. For each wavelength in
the source spectrum, a monochromatic PSF is computed from monochromatic
aberrations plus the focal shift associated with LCA and the lateral displacement
associated with TCA; the diagram shows three such PSFs schematically as blur disks
of varying diameter. The luminance weighting of each blur disk is given by the height
of the source spectrum curve shown below the LCA curve. (Courtesy Ravikumar et. al.
(J Opt SocAm A Opt Image SciVis. 2008 Oct;25(10):2395-407))
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e Simulated polychromatic retinal image was calculated by convoluting the
polychromatic PSF with the object image:

I(x,y)=PSF, (x,y)®0(x,y)
Equation 8

Where I(x,y) is the simulated retinal image and O(x,y) is the object image.

e For each simulated retinal image, Strehl ratio and Visual Strehl Ratio computed
in frequency domain (VSOTF) was calculated?'®

A preliminary version of Indiana Retinal Image Simulator (IRIS) was used for all the
simulations, which implements the various steps detailed above.

Methodology for simulating Random and Filtered noise

For simulating the retinal image, wavefront was input into the IRIS software in the form
of corresponding Zernike coefficients (Figure 13). The wavefront was simulated for
6mm diameter. The signal included the 2-4th Zernike orders, while noise used 7-8th
Zernike orders. Noise was scaled to predetermined RMS values. All the terms in 5th
and 6th Zernike order were set to 0, to avoid overlapping of signal and noise.
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Figure 13. Graphical User Interface of the Indiana Retinal Image Simulator (IRIS) used
to simulate the polychromatic retinal images.

For simulating random noise, random Higher Order Aberrations (7" and 8™ Zernike
Order) were calculated. The same set of Zernike coefficients representing random
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noise were used in all simulation cases involving random noise, unless mentioned
otherwise.

Filtered noise was simulated, using a reticular pattern, with degrees of freedom
(amplitude of the signal, spatial frequency and width of signal channels), fit to Zernike
polynomials of upto 8th order. A randomization factor was added to the pattern to
account for the perturbations expected in the real world situations (Figure 14).

Reconstructed Wavefront

Figure 14. Left: Example of the filtered noise simulated using a reticular pattern (inset
corresponding PSF). Right: The wavefront map reconstructed from the Zernike
coefficients obtained after fitting the filtered noise pattern to Zernike Polynomials (up
to 81 order), with a fit diameter of 6mm.

Standard settings for the simulation cases
The standard values of the input parameters used for all the simulations in the IRIS

software are summarized in Table 5. Only one of these input parameter was
manipulated at a time, depending on the simulation cases.
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Input parameters

Standard value

Pupil size 6 mm
Defocus Z[2,0] 2 um (-1.54D)
Spherical Aberrations Z[4,0] 0.15 um

Wavefront signal

2nd_4th order Zernike coefficients

Noise signal

7" and 8" Zernike coefficients giving an
RMS of 0.25 um at 6mm diameter

Spatial frequency for filtered noise

0.48 cycles per mm (at corneal plane)

Reference wavelength

550 nm

Stiles-Crawford Sigma

0.115

Spectral power distributions of image

~34nm period (9 channels)

Table 5. The standard values of the input parameters used for all the simulations in the
IRIS software. Only one input parameter was manipulated at a time, depending on the

simulation cases.

Simulation Cases

The impact of varying degree of roughness, refractive error, pupil diameter, spherical
aberrations and spatial frequency of the filtered noise, was individually analyzed on the
simulated retinal image through various simulation cases. These cases are
summarized in Table 6. For the parameters not mentioned in the table 2, their standard

values were used as described in Table 5.
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Simulation | Z[2,0] Z[4,0] Pupil Noise Noise RMS at
Case (pum) (um) Diameter Type 6mm diameter
Number (mm) (um)

1 0 0 6 None -

2 0 0 6 Random | 0.25

3 0 0 6 Filtered 0.25

4 0 0 6 Random | 0.65

5 0 0 6 Filtered 0.65

6 2 0.15 6 Random | 0.25

7 2 0.15 6 Filtered 0.25

8 2 0.15 6 None -

9 2 0.15 3 None -

10 2 0.15 3 Random | 0.25

11 2 0.15 3 Filtered 0.25

12 2 0 6 None -

13 2 0 6 Random | 0.25

14 2 0 6 Filtered 0.25

Table 6. Settings for different simulation cases for the analyzed metrics.

The simulation case 1 represents purely the impact of chromatic aberrations at 6mm
diameter without the presence of any refractive error. Besides the simulation cases
presented in Table 6, further simulations were performed with only filtered noise (no
lower order aberrations) of different spatial frequencies (ranging from 0.34 to 1 cycles
per mm defined at the cornea plane). Unlike the simulation cases presented in Table
6, where a single of Zernike coefficients were used, for each spatial frequency, different
set of Zernike coefficients were used, however the RMS of 7" and 8t Zernike order
was maintained to 0.25um.

For each analyzed metric, simulation cases were compared based on the simulated

retinal image, Strehl Ratio and VSOTF. The results of this analysis are presented in
the section 3.3
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2.4 TOPIC D: Determination of optimum laser beam characteristics: Theoretical
simulations

The aim of the following methods is to present a rigorous and generic simulation model
for simulating the sequential shot-by-shot ablation process based on a measured or
modeled beam profile. Additionally, we test the impact of laser beam characteristics
like spot energy, spot diameter, super Gaussian order, truncation radius, spot
geometry, spot overlap and lattice geometry on ablation smoothness, for both
theoretically modelled super Gaussian beam profiles and measured intensity beam
profiles acquired using a beam profiler camera. In order to account for the impact of
deviations in real world settings on the methods, a rigorous perturbation analysis is
also performed.208

A simulation model was developed for simulating the sequential shot-by-shot ablation
process based on a measured or theoretically modeled beam profile, following the
simulation methodology as:

Simulation methodology

The following steps were implemented to simulate a sequential shot-by-shot ablation
process:

1) Given the super Gaussian order (N) and Full Width Half Maximum (FWHM), Ro
(the beam size when the radiant exposure falls to 1/e? its peak value) was
calculated for a theoretical super Gaussian beam using a modified equation
based on the Lambert-Beer law:

FWHM

Equation 9

Ro =

2) For a fixed resolution of 6 um per element, a square matrix was calculated with
defined number of elements (hereafter called as pixels), tightly enclosing the
foot print of one laser pulse, calculated as explained in“3.

3) Two theoretically modelled Gaussian spot geometries were simulated. For the
round spot geometry, the value of Ro (calculated in previous steps) was kept
constant at each meridian. For the square spot geometry, the value of Ro was
meridionally changed to match the size of the square matrix resulting in a
Gaussian profile with a square base.

4) A normalized intensity distribution of the super Gaussian beam profile was
calculated using the standard form of Lambert-Beer law at each pixel as*:

I(n,m) = Io-exp(—Z-(r(n,m)/Ro)ZN)

Equation 10
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Where | represents the intensity calculated for each pixel position defined by
the coordinates n and m, lo represents the peak radiant exposure (normalized
to lo = 1), and r represents the radial distance.

The intensity distribution was scaled for a given spot energy, using the
normalized intensity distribution (Equation 10) and resolution (6um) as:

Spot Energy

I(n,m): - -I(n,m)

Sum (I (n, m)) -Resolution

Equation 11

From the calculated intensity distribution, the ablation profile (ablation depth
(ds)) for a single laser pulse with normal incidence, was calculated as explained
in*3, using the following relation:

J zih{l(n,m)-cos@J

S
a I,

Equation 12
Where 0 = 0°, is the deviation from normal incidence. Figure 15 presents the 2D

and 3D simulated ablation profile for a single laser pulse with square and round
spot geometry.
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Figure 15. 2D and 3D simulated ablation profile for a single laser pulse with square
(top) and round spot (bottom) geometry, for the standard test setting presented in Table

7

7)

A square ablation matrix of given dimensions was defined to sequentially
position several ablation profiles corresponding to a single laser pulse,
simulating a larger ablation area.
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8) Two types of lattices were implemented for sequential spot placement within the
ablation matrix, Reticular and triangular lattice.

9) The Reticular lattice was realized by regularly arranging the ablation profiles
within the rows and columns in the ablation matrix

10)The triangular lattice was realized by shifting the ablation profiles in every
consecutive row and column, such that each ablation profile had an equal radial
distance to all the neighboring ablation profiles in its vicinity.

11)Only a single layer of ablation matrix was simulated for both the types of lattices,
without superimposing one complete ablation matrix on top of another ablation
matrix.

12) A smaller ablation matrix of given dimensions was calculated after cropping the
complete ablation matrix. This was done to avoid the artifacts arising from
uneven ablation spot placement at the edges of the ablation matrix. Figure 16
compares the Reticle and triangular lattice in a cropped ablation matrix.
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Figure 16. Reticle (left) and Triangular (right) lattice in a cropped ablation matrix, for
the standard test setting presented in Table 7. The top row presents the reticular and
triangular lattice simulated for a round spot geometry, whereas the bottom row
presents the reticular and triangular lattice simulated for a square spot geometry. For
this simulation, an overlap distance of 798um was used.

13) The roughness in ablation was estimated using the metric

RMS

Roughness in ablation = ——————=
y/Layer Depth

Equation 13
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Where RMS is the root mean square error, calculated as the standard deviation
of the cropped ablation matrix, and Layer depth is the average ablation depth in
the cropped ablation matrix.

14)All the steps were repeated for different values of overlap distances starting
from 6 um (equivalent to inter pulse distance of 1 pixel) to 888um (equivalent to
inter pulse distance of 148 pixels (foot print of one spot)), with an increment of
6 um. The increment of 6 um represents the resolution limit of the simulation
model.

15)Following similar methodology (from step 6 to 14), the roughness in ablation
was calculated for a measured spot profile from an excimer laser system (1050
Hz repetition rate with spot energy 1 mJ), measured using a beam profiler
camera (Coherent Lasercam-HR-UV and Coherent BeamView-Software, with a
laser trigger frequency of 49Hz from a distance of 150cm).

In all the simulations, the area of square ablation matrix was set to 2.56 mm? (with side
1.6mm). The standard test setting with the values of various input parameters is
presented in Table 7. Most of these values were retained in all the simulations unless
stated otherwise. In the tables, the spot depth and spot volume were calculated using
the methods presented in“3.
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Parameter Default Value used for
the model

Threshold Ablation Fluence (mJ/cm? ) for human | 42

cornea

Absorption Coefficient for human cornea (um-) 3.33
Spot Depth (um) 0.66
Spot Volume (pl) 205
Spot Energy (mJ) 0.95
Full Width Half Maximum (mm) 0.5

Ro, beam size when the radiant exposure falls to 1/e? | 0.425

its peak value (mm)

Truncation Diameter (mm)/Foot print (mm) 0.89
Super Gaussian Order (N) 1

Matrix Size (pixels with resolution 6um/pixel) 148 X148
Spot Geometry Round
Lattice Geometry Reticular

Table 7. Standard test settings: The values of various input parameters used in the
simulation methodology. These values were retained in all the tests unless stated
otherwise.

Analysis methodology included analyzing single parameters characterizing the beam
profile individually, and estimating their optimum value by comparing the simulated
roughness in ablation for different values of the parameters in an exploratory manner.
A proper optimum configuration was found for the given input parameters, for
minimizing the roughness in ablation, under the assumption that the combination of all
optima also represents an optimum. The simulation program was developed in SCILAB
(© Scilab Enterprises), and the analysis was performed using Microsoft Excel (©
Microsoft Corporation). The optimum condition for the following parameters
characterizing the beam profile was explored.

Optimum truncation size

Roughness in ablation was calculated at different overlap distances, for a super
Gaussian beam profile (N = 1) with three truncation fractions (100%, 70%, 50%). The
truncation fraction is hereby determined by the ratio,

Truncation Diameter
2R,

Truncation Fraction =

Equation 14
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The complete beam profile is represented with a truncation fraction of 100%. Smaller
truncation fractions represent more cutting off the flanks of the beam profile. Different
truncation fractions were realized by changing the values of Ro while keeping the
truncation diameter (PH) constant. These test settings are summarized in Table 8.
Other input parameters including the spot energy were kept constant as presented in
Table 7.

Parameter PH 100% PH 70% PH 50%

lo, Peak radiant exposure | 376 250 198
(mJ/cm?)

Spot depth (um) 0.66 0.54 0.46
Spot volume (pl) 205 231 238

Table 8. Optimum Truncation size: Test settings for finding the optimum truncation size
for a lower simulated roughness in ablation. The Truncation Fraction (PH) represents
a ratio of truncation diameter and (2XRo), where Ro is the beam size when the radiant
exposure falls to 1/€2 its peak value. The changing test parameter is indicated in blue.
The remaining input parameters, including spot energy (from Table 7) were retained in
every test setting.

Optimum Super Gaussian Order
Roughness in ablation was calculated at different overlap distances, for three super
Gaussian beam profiles (N = 1, N = 2, Flat Top). For the three beam profiles, spot

energy, truncation diameter and other parameters were kept constant as presented in
Table 7, however some parameters changed as shown in Table 9.
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Parameter N=1 N=2 Flat Top
|N.SuperGaussianOrder [T |2 [%9

Ro, beam size when the radiant exposure | 0.425 0.463 0.445

falls to 1/e? its peak value (mm)

lo, Peak radiant exposure (mJ/cm?) 376 225 139

Spot depth (um) 0.66 0.51 0.36

Spot volume (pl) 205 208 223

Table 9. Optimum Super Gaussian Order: Test settings for finding the optimum Super
Gaussian Order (N) for a lower simulated roughness in ablation. The changing test
parameter is indicated in blue. The remaining input parameters, including spot energy
(from Table 7) were retained in every test setting.

Optimum Spot Geometry

Roughness in ablation was calculated at different overlap distances, for two spot
geometries (round and square geometries). The input parameters were retained for
both the spot geometries as shown in Table 7.

Optimum Lattice Geometry

Roughness in ablation was calculated at different overlap distances, for two lattice
geometries (Reticular and triangular geometries). The input parameters were retained
for both the lattice geometries as shown in Table 7.

Measured Vs. theoretically modeled beam profile

The roughness in ablation was calculated for a measured spot profile from an excimer
laser system (as explained in the step 15 of the simulation methodology). The
outcomes (roughness in ablation) of the theoretically modelled beam profile (input
parameters defined in Table 7) were compared with the outcomes of the measured
beam profile.

Impact of ablation material

For the input parameters specific to the human cornea (in Table 7), roughness in
ablation was calculated at different overlap distances. The various simulation steps
were repeated for threshold ablation fluence (67 mJ/cm?) and absorption coefficient
(5.2 um") specific to PMMA?2'7. The other input parameters were retained from Table
7. The outcomes (roughness in ablation) for the two ablation materials (human cornea
and PMMA) were compared.
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Impact of Spot Energy and Spot Diameter

The analysis and optimization of various parameters was performed for a fix spot
energy of ~1mdJ and spot size (presented as the truncation diameter/foot print in Table
7) of ~0.9mm. This represents a realistic limit commonly seen in laser vision
correction*3. The impact of other extreme values of spot energy (0.5mJ and 1.4mJ)
was simulated on the metric roughness in ablation. Table 10 presents a comparison of
the three tested energy settings.

Parameter Basis Low Energy | High Energy
Ro, beam size when the | 0.425 0.55 0.38

radiant exposure falls to 1/e?

its peak value (mm)

lo, peak radiant exposure | 376 153 664
(mJ/cm?)

Spot depth (um) 0.66 0.39 0.83
Spot volume (pl) 205 119 258

Table 10. Optimum Spot Energy: Test settings for finding the optimum Spot Energy for
a lower simulated roughness in ablation. Three values of spot energy were tested. The
changing test parameter is indicated in blue. The remaining input parameters (from
Table 7) were retained in every test setting.

Furthermore, the impact of other extreme values of spot sizes (0.6mm and 1.2mm)
was simulated on the metric roughness in ablation. Table 11 presents a comparison of
the three tested spot sizes.
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Parameter Basis Small spot Large spot

Ro, beam size when the | 0.425 0.23 0.76

radiant exposure falls to 1/e?

its peak value (mm)

lo, peak radiant exposure | 376 1152 147
(mJ/cm2)

Spot depth (um) 0.66 0.99 0.38
Spot volume (pl) 205 141 213

Table 11. Optimum Spot Diameter: Test settings for finding the optimum Spot Diameter
for a lower simulated roughness in ablation. Three values of spot diameter were tested.
The changing test parameter is indicated in blue. The remaining input parameters,
including spot energy (from Table 7) were retained in every test setting.

Perturbation Analysis

The values of various laser beam characteristics in Table 7 were simultaneously and
randomly varied for each ablation spot in the ablation matrix. The impact of these
perturbations was evaluated on the roughness in ablation. The following parameters
were varied for the perturbation analysis: spot overlap, threshold ablation fluence,
absorption coefficient for human cornea, spot energy, super Gaussian order, matrix
size, and beam size. The spot overlap was varied between the ranges +/- 6 pixels of
the original value. The rest of the parameters were varied between the ranges +/- 10%
of the original value. The outcomes (roughness in ablation) with the standard test
setting (Table 7) were compared to the outcomes with the perturbed input parameters.

The results of this analysis are presented in the section 3.4.
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2.5 TOPIC E: Determination of optimum laser beam characteristics: Empirical
Evaluation

Following the theoretical framework for determining the optimum Laser beam
characteristics for achieving smoother ablations in Laser Vision Correction, the aim of
the following methods is to provide empirical results of the impact of laser beam
characteristics like truncation radius, lattice arrangement, and jitter on ablation
smoothness measured as residual roughness in PMMA plates after being ablated with
an excimer laser system.?!"

A modified SCHWIND AMARIS system was used providing a beam profile with the
following characteristics: FWHM=540um, N=1.27, 1050Hz. The laser parameters and
the pulse energy were optimized following previous works*32%. For PMMA ablations,
two configurations (with a 0.7mm pinhole and 0.75mdJ and without pinhole and 0.9mJ
(for fluences of 329mJ/cm? and 317mJ/cm? and corneal spot volumes of 174pl and
188pl)) were considered, along with two types of lattices (with and without ordered
dithering to select the optimum pulse positions), and two types of spot placement (with
and without jitter). Real ablations on PMMA (ranging from -12D to +6D with and without
astigmatism) completed the study setup. The various test conditions are presented in
Table 12. For each test condition, a total of 12 ablations were performed on PMMA,
and the average efficiency (Achieved ablation/Expected ablation) was considered as
the outcome.

Test number Pinhole (Energy) Dithering Jitter

~N| O O A WO NN =
z z| z| < <] <| <
z <| < < <] z| z

Z < <] Z Z X <

8 N N

Table 12. Summary of the various test settings. Here for Pinhole, Y’ represents
truncation of the laser beam using a pinhole (0.7mm diameter) and ‘N’ represents no
truncation (and for Energy, ‘Y’ represents 0.75mJ and ‘N’ represents 0.9mJ); for
Dithering, ‘Y’ represents use of lattice with ordered dithering to select the optimum
pulse positions and ‘N’ represents lattice without ordered dithering; for Jitter, ‘Y’
represents a controlled random noise (up to £20um in either direction) added to the
theoretical scanner positions while ‘N’ represents no random noise.

The effect of the 2x2x2 different configurations (2 states of Pinhole, 2 sates of lattice
order dithering, and 2 states of jitter spot placement) was analyzed based on the
roughness in ablation estimated from the root mean square error in ablation.
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An empirical comparison model was set up for evaluating the roughness induced by
the ablation process, following the methodology as (see also Table 13):

1) Set High Low Fluence parameters to the same energy (0.75mJ) at the working
plane (single fluence)

2) Perform a fluence test and a PMMA Test (Test1: pinhole, w/o dithering, w/o
jitter)

) Enable jitter=20um

) Perform a fluence test and a PMMA Test (Test2: pinhole, w/o dithering, jitter)

) Enable dithering

) Perform a fluence test and a PMMA Test (Test3: pinhole, dithering, jitter)

) Disable jitter

) Perform a fluence and a PMMA Test (Test4: pinhole, dithering, w/o jitter)

) Remove the pinhole

0)Set High Low Fluence parameters to the same energy (0.9mJ) at the working

plane (single fluence)

11)Perform a fluence and a PMMA Test (Test5: w/o pinhole, dithering, w/o jitter)

12)Enable jitter=20um

13)Perform a fluence and a PMMA Test (Test6: w/o pinhole, dithering, jitter)

14)Disable dithering

15)Perform a fluence and a PMMA Test (Test7: w/o pinhole, w/o dithering, jitter)

16)Disable jitter

17)Perform a fluence and a PMMA Test (Test8: w/o pinhole, w/o dithering, w/o
jitter)

18)Reset system to standard AMARIS settings

This corresponds to a non-sequential settings procedure to avoid/reduce model bias;
time drifts, hysteresis effects.
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Parameter Common Common
Parameters Parameters

Repetition Rate (Hz) 1050 1050

Full Width Half Maximum (mm) 0.54 0.54

Super Gaussian Order (N) 1.27 1.27

Ro, beam size when the radiant exposure falls to 1/e? | 0.41 0.41

its peak value (mm)

Threshold Ablation Fluence (mJ/cm? ) for human | 42 42

cornea

Absorption Coefficient for human cornea (um-1) 3.21 3.21

Threshold Ablation Fluence (mJ/cm?) for PMMA 67 67

Absorption Coefficient for PMMA (um-1) 5.2 5.2

Parameter Default Value Test Value

Truncation Diameter (mm)/Foot print (mm) 0.7 None

Spot Energy (mJ) 0.75 0.9

Pinhole Transmission (%) 76% 100%

Cut-off at the flanks (%) 27% 0%

Laser Power (mW) 788 945

Peak radiant exposure (mJ/cm2) 329 317

Corneal Spot Depth (um) 0.64 0.63

Corneal Spot Size (mm) 0.7 0.82

Corneal Spot Volume (pl) 174 188

PMMA Spot Depth (um) 0.31 0.30

PMMA Spot Size (mm) 0.7 0.74

PMMA Spot Volume (pl) 74 72

Dithering None Ordered
(Heuristic  reticular | (Ordered  Dithering
search) Search)

Jitter (um) 0 20

Table 13. Dual test settings: The values of various input parameters used in the
ablation methodology. These values were retained in all the tests unless stated

otherwise.

Truncation (Pinhole)

Roughness in ablation was measured with (standard setting) versus without truncation
(0.7mm diameter, corresponding to 76% transmission, and 27% cut-off at the flanks).
The effect of Pinhole on radiant exposure, estimated ablation depth on the cornea and

PMMA is displayed in Figure 17.
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Figure 17. Effect of pinhole truncating the beam to a 0.7mm spot. Essentially the
pinhole cuts-off the flanks of the spot, reducing the total energy of the pulse at the
expense of inducing high frequency signals. The peak radiant exposure (related to the
pulse energy) of the beam without pinhole has been slightly reduced to keep a good
comparison in the per pulse ablation volume on corneal tissue and PMMA.

Ordered Dithering Lattice Geometry

Ordered dithering is an image dithering algorithm. It is commonly used to display a
continuous image on a display of smaller color depth. The algorithm reduces the
number of colors by applying a threshold map M to the pixels displayed, causing some
pixels to change color, depending on the distance of the original color from the
available color entries in the reduced palette. This threshold map (for sides with length
as power of two) is also known as an index matrix or Bayer matrix.?'8

Arbitrary size threshold maps can be devised with a simple rule: First fill each slot with
successive integers. Then reorder them such that the average distance between two
successive numbers in the map is as large as possible, ensuring that the table "wraps"
around at edges.

The algorithm renders the image normally, but for each pixel, it adds a value from the
threshold map, causing the pixel's value to be quantized one step higher if it exceeds
the threshold. For example, in monochrome rendering, if the value of the pixel is less
than the number in the corresponding cell of the matrix, plot that pixel black, otherwise,
plot it white.

The size of the map selected should be equal to or larger than the ratio of source colors
to target colors. For example, when quantizing a 24bpp image to 15bpp (256 colors
per channel to 32 colors per channel), the smallest map one would choose would be
4x2, for the ratio of 8 (256:32). This allows expressing each distinct tone of the input
with different dithering patterns.

Bayer has shown that for matrices of orders which are powers of two there is an optimal
pattern of dispersed dots which results in the pattern noise being as high-frequency as
possible.

The idea behind it is simple: given two available values a and b, let's say black and
white, the value x between a and b — that should be grayish — is simulated by mixing
pixels of colors a and b. To apply some ordered dithering on an image, we apply the
same logic but in 2D by using a Bayer matrix. By turning the pixel on in a very specified
order, the matrix creates the perception of continuous variation of color. In these
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matrices, consecutive threshold values are located far apart spatially, which gives the
perception of a progressive variation. This concept can be easily adapted to the
discretization of an ablation volume into an integer collection of pulses per position.
The task is now to express a continuous profile on basis smaller resolution. The
algorithm causes some pixels to round up the number of pulses to be placed, and some
others to round down. The size of the map selected should be equal to or larger than
the ratio of the size of the ablation profile to the size of the spot (building block).

Jitter

In optics, the term jitter is used to refer to the oscillatory motion of the image with
respect to the detector, which blurs the image. In our case, it is a controlled random
noise (up to £20um in either direction) added to the theoretical scanner positions. This
may help avoiding/breaking patterned effects in the overlapped spots. As expressed
in the history of PRK:21®

“The researchers began working in a trailer at LSU that was next to a trash compactor,
which inadvertently led to a discovery. The researchers found that when the trash
compactor was operating, it shook the trailer, which made the laser wobble instead of
shooting straight down into the patient’s eye. McDonald said that when the trailer was
not vibrating, the treatments were not as smooth and the results not as good. This led
to a smoothing of the procedure so the ridges the laser produced were eliminated.”

PMMA Tests

8 PMMA Tests have been performed (each consisting of 12 ablations ranging from -
12D to +6D)'%? and analyzed?'® from a single AMARIS system. These conformed a
2x2x2 matrix comparing with vs. without Pinhole, Dithering, and Jitter. Mean
performance values, standard deviations, and roughness have been evaluated. To
increase robustness 8x8 analyses, 4 vs. 4 cumulative analyses, as well as pairwise
analyses were performed.

The results of this analysis are presented in the section 3.5.
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3 RESULTS

3.1 TOPIC A: Effect of seasonal changes in PMMA Performance using the
SCHWIND AMARIS laser system

Seasonal Influence

The percentage deviation in the average values of all the parameters in each season
with respect to their global averages is presented individually in Figure 18 and as a
group in Figure 19. All the parameters showed a strong cyclic trend with the changing
season, with the most predominant change observed for winter and summer season.
The percentage deviation in the parameter ‘standard deviation’ among the 12 PMMA
ablations was particularly higher compared to the other parameters, however, this was
due to the fact that percentage changes were examined in numbers of originally very
low magnitude.
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Figure 18. The percentage deviation in the average values of all the parameters in
each season with respect to their global averages is presented individually. Here,
‘nominal fluence’ represents single laser pulse fluence, ‘HF’ is high fluence, LF’ is low
fluence, ‘StdDev’ is standard deviation, and the different seasons were defined with
respect to the calendar months as, winter (January to March), spring (April to June),
summer (July to September) and autumn (October to December).
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Figure 19. The percentage deviation in the average values of all the parameters in
each season with respect to their global averages is presented as a group. Here,
‘nominal fluence’ represents single laser pulse fluence, ‘HF’ is high fluence, LF’ is low
fluence, ‘StdDeV’ is standard deviation.

Although a cyclic trend can be observed for all the parameters among the various
seasons, not all the observed changes reached statistical significance. The season
winter and summer showed statistical significance with respect to the global values for
all the tested parameters except the nominal number of laser pulses for high and low
fluence setting. The trends showing statistical significance and the range or maximum
deviation for each parameter is presented in Table 14. The metric technical
performance of the analyzed systems showed a stronger PMMA ablation performance
in Summer time compared to a weaker performance in the winter time, with the
maximum seasonal deviation of 6%.
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Value Single Single Nominal | Nominal | Mean Standard | Technical

laser laser Pulses Pulses Deviation | Performance
pulse pulse (HF) (LF)
fluence | fluence
(HF) (LF)

Season Winter Winter Spring Stable Winter Summer Winter
where the
value was
Lower than
Global

Average
(p<0.05)
Season Summer | Summer | Summer | Stable Summer | Winter Summer
where the
value was
higher than
Gilobal

Average

(p<0.05)

Range or 2% 2% 5% 1% 2% 21% 6%
maximum
deviation

Table 14. The trends showing statistical significance and the range or maximum
deviation for each parameter, analyzed in lasers stratified depending on the season of
the year.

Seasonal Influence - stratification on months of a year

The percentage deviation in the average values of all the parameters in each month of
the year with respect to their global averages is presented individually in Figure 20 and
as a group in Figure 21. Even upon stratifying the lasers depending of the month of a
year, similar cyclic trend as observed among the four seasons could be reproduced,
consistently confirming the findings of the analysis. Similar to the seasonal deviations,
the percentage monthly deviation in the parameter ‘standard deviation’ among the 12
PMMA ablations with respect to the global values, was particularly higher compared to
the other parameters due the very low magnitude.
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Figure 20. The percentage deviation in the average values of all the parameters in
each month of the year with respect to their global averages is presented individually.
Here, ‘nominal fluence’ represents single laser pulse fluence, ‘HF’ is high fluence, ‘LF’
is low fluence, ‘StdDeV’ is standard deviation.
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Figure 21. The percentage deviation in the average values of all the parameters in
each month of the year with respect to their global averages is presented as a group.
Here, ‘nominal fluence’ represents single laser pulse fluence, ‘HF’ is high fluence, LF’
is low fluence, ‘StdDevV’ is standard deviation.

The trend showing statistical significance among the different months of a year, and
the range or maximum deviation for each parameter is presented in Table 15.
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Value Single Single Nominal | Nominal | Mean | Standard | Technical
laser laser pulses pulses deviation | performance
pulse pulse (HF) (LF)
fluence | fluence
(HF) (LF)

Months Jan-Feb | Jan-June | Feb-June | Stable Jan- | July-Oct Jan-June

where the June

value was

Lower than

global

average

(p<0.05)

Months June July-Oct | July-Oct | Stable July- | Jan-June | July-Oct

where the Oct Oct

value was

higher than

global

average

(p<0.05)

Range or 3% 5% 9% 1% 3% 45% 10%

maximum

deviation

Table 15. The trend showing statistical significance and the range or maximum
deviation for each parameter, analyzed in lasers stratified depending on months of the

year.
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3.2 TOPIC B: Impact of various humidity and temperature settings on excimer laser
ablation of PET, PMMA and porcine corneal tissue

Following the methods described in 2.2, in total, 108 porcine eyes, 108 PMMA
ablations and 36 PET ablations were performed in a span of 3 days, encompassing a
total of 9 climate settings. Due to technical limitations of the climate chamber, at very
low temperatures settings (18°C), extreme relative humidity could not be achieved
despite continued attempts. Therefore, not all the climate settings in design of
experiment could be reached. A comparison of the aimed and reached climate settings
is graphically presented in Figure 22.
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25% 18°C, 25%

24°C, 25%
20°C, 25%

18°C 24°C 30°C

Figure 22. A graphic representation of the attempted climate settings in the design of
experiment (Dark blue) versus the achieved climate settings (Light blue)

Ablation model

The ablation model for each output metric is presented in Table 16. In the table, Pre
and Post represents pre-ablation and post-ablation measurements respectively. The
high and low fluence are presented as HF and LF respectively. The statistically
significant predictive factors for each output metric are shown in green color; all other
predictive factors did not show statistical significance. The p-values for each output
parameter and predictive factors are presented in brackets.
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Metric Energy HF Pre LF Pre PMMA Porcine HF Post LF Post Energy
Pre Post
mi-T -0.032% 0.073% (p | -0.091% (p | -0.185% (p | 0.462% (p | 0.023% (p | -0.055% (p | -0.106% (p
(p=0.87) | =0.63) =0.61) =0.33) =0.17) =0.83) =0.72) = 0.46)
m2 — RH -0.098% (p | 0.035% (p | -0.128%
=0.07) = 0.46) (p=0.14)
m3 - Time -0.257%
(p=0.24)
C
R2 0.94 0.88 0.92 0.58 0.63 0.96 0.90 0.97

Table 16. Ablation model for output metrics Single Laser Pulse Energy, Single Laser
Pulse Fluence, ablation efficiency on PMMA, and ablation efficiency on porcine cornea
tissue, based on the predictive factors Temperature (T), Relative humidity (RH) and
Time stamp (since the beginning of the test).

Temperature was not a significant predictor for any output parameter. Relative
Humidity was a significant predictor for Energy (pre-ablation and post-ablation) and
PET ablation performance at both energy settings. Time was a significant predictor for
all output parameters, except for refractive change achieved on porcine cornea. The
mean coefficient of determination of the ablation model was 0.8, suggesting a good
predictability of each output parameters based on the predictive factors.

The impact of climate settings on various metrics is elaborated below, and depicted
with the help of surface plots encompassing a broad range of temperature (18 to 30°C)
and relative humidity conditions (20 to 80% RH). The direction of the maximum rate of
change was included in the plots to indicate the environmental gradients leading to the
maximum response. These surface plots were created based on the output values
resulting from the ablation model, by inputting a 4X4 matrix of values for the predictive
factors (Temperature 18°C, 22°C, 26°C, 30°C; Relative humidity 20%, 40%, 60%,
80%). The time stamp was taken out from the ablation model as a covariate, and its
influence was eliminated from the analysis. Hence, a fixed value of average time stamp
(from the beginning of the tests) was used for the analysis.

Influence of climate settings on Single Laser Pulse Energy

The impact of the climate settings on single laser pulse energy is presented in Figure
23, for the pre-ablation and post-ablation condition. Between the pre-ablation and post-
ablation condition, there was a time gap of ~2 hours, in which a total of 12 porcine
eyes, 12 PMMA, and 4 PET ablations were performed. The change in temperature did
not affect the single pulse energy, for a constant relative humidity. However, changing
the relative humidity from 20% to 80% resulted in changing the single pulse energy
from 105% to 95% pre-ablation, and 106% to 92% post-ablation. Dry climate conditions
resulted in higher single pulse energy, compared to moist climate conditions, resulting
in lower single pulse energy.
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Energy pre Energy post

108%-110% B
106%-108%
= 104%-106%
= 102%-104%
¥ 100%-102%
 98%-100%
" 96%-98%
5 94%-96%
W 92%-94%

W 90%-92%
18°C 22°C 26°C 30°C

Figure 23. Surface plots presenting the impact of change in relative humidity (in Y-axis)
and temperature (in X-axis) on single laser pulse energy, pre-ablation (in left) and post-
ablation (in right).

Influence of climate settings on Single Laser Pulse Fluence

The impact of the climate settings on single laser pulse fluence for the two energy
settings (high and low fluence) is presented in Figure 24, for the pre-ablation and post-
ablation condition. Between the pre-ablation and post-ablation condition, there was a
time gap of ~1.75 hours, in which a total of 12 porcine eyes, 12 PMMA ablations were
performed. The change in temperature did not affect the single laser pulse fluence, for
a constant relative humidity. The High and low fluence setting behaved similarly.
Furthermore, the fluence behaved similarly pre-ablation and post-ablation. Dry climate
conditions (20% RH) resulted in higher single laser pulse fluence (~103%), compared
to moist climate conditions (80% RH), resulting in lower single laser pulse fluence (~95-
97%).
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Figure 24. Surface plots presenting the impact of change in relative humidity (in Y-axis)
and temperature (in X-axis) on single laser pulse fluence (Top: High fluence; Bottom:
Low fluence), pre-ablation (in left) and post-ablation (in right).

Influence of climate settings on Laser ablation efficiency on PMMA

The impact of the climate settings on Laser ablation efficiency on PMMA is presented
in Figure 25, for the mean values and standard deviation in ablation efficiency. The
mean ablation efficiency remained stable and close to 100% for a wide window of
climate settings. For extremely low humidity and high temperatures (30°C with 20%RH,
dry and hot conditions), reduced performance (98%) was recorded, compared to
increased efficiency (103%) at low temperatures and high humidity (18°C with 80%RH,
cold and dry conditions). The trend was similar for the standard deviation in ablation
efficiency, however, percentage changes were large in comparison, since they depict
a change in very small numbers compared to the mean values.

79



RESULTS

98%

PMMA mean PMMA SD

108%-110%
© 106%-108%
© 104%-106%
" 102%-104%
m 100%-102%
B 98%-100%
W 96%-98%
B 94%-96%
W 92%-94%

m90%-92%
sas #ISC 22°C 26°C 30°C 18°C 22°C 26°C 30°C

Figure 25. Surface plots presenting the impact of change in relative humidity (in Y-axis)
and temperature (in X-axis) on mean (left) and standard deviation (right) of ablation
efficiency in PMMA.

Influence of climate settings on Laser ablation efficiency on porcine cornea tissue

The impact of the climate settings on porcine cornea ablation is presented in Figure
26, for the mean values and standard deviation in achieved refractive change. For
extremely low humidity and high temperatures (30°C with 20%RH, dry and hot
conditions), higher refractive change (106%) was recorded, compared to reduced
efficiency (93%) at low temperatures and high humidity (18°C with 80%RH, cold and
dry conditions). The trend was similar for the standard deviation in refractive change,
however, percentage changes were large in comparison, since they depict a change
in very small numbers compared to the mean values.
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Figure 26. Surface plots presenting the impact of change in relative humidity (in Y-axis)
and temperature (in X-axis) on mean (left) and standard deviation (right) of refractive
change achieved in porcine cornea.
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3.3 TOPIC C: Impact of residual roughness after corneal ablation in perception and
vision

In total 20 simulation cases were examined and compared on the basis of VSOTF,
Strehl Ratio and the simulated retinal image qualitatively.

Impact of chromatic aberrations and roughness (random and filtered noise)

The impact of the chromatic aberrations and roughness is presented in Figure 27.
Without any refractive error, chromatic aberrations resulted in image quality metric
VSOTF of ~0.44 and Strehl Ratio of 0.3. Addition of random noise on the signal
resulted in deteriorating both VSOTF (from 0.44 no noise to 0.075 with 0.25um RMS
random noise, and 0.0078 with 0.65um RMS random noise) and Strehl Ratio (from 0.3
no noise to 0.03 with 0.25um RMS random noise, and 0.005 with 0.65um RMS random
noise). The decrease in image quality was even worse with the addition of filtered
noise.

Original Object Image Case 1; Signal = 0; Noise = 0; Pupil =
6mm
VSOTF = 0.442 ; Strehl = 0.3

Case 2; Signal = 0; 0.25um RMS Case 3; Signal = 0; 0.25um RMS
(Random); Pupil = 6mm (Filtered); Pupil = 6mm
VSOTF = 0.075 ; Strehl = 0.03 VSOTF = 0.045 ; Strehl = 0.022
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Case 4; Signal = 0; 0.65um RMS
(Random); Pupil = 6mm
VSOTF = 0.0078 ; Strehl = 0.005

Case 5; Signal = 0; 0.65um RMS
(Filtered); Pupil = 6mm
VSOTF = 0.002; Strehl = 0.003

Figure 27. Impact of roughness without refractive error on simulated retinal image. Top
left: Original object image; Top right: simulated retinal image without refractive error
and noise signal;, middle left: simulated retinal image without refractive error, with
random noise signal (0.25um RMS); middle right: simulated retinal image without
refractive error and with filtered noise signal (0.25um RMS); bottom left: simulated
retinal image without refractive error, with random noise signal (0.65um RMS); bottom
right: simulated retinal image without refractive error and with filtered noise signal

(0.65um RMS).
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Impact of roughness with refractive error

The impact of the roughness with refractive errors (Defocus and spherical aberrations)
is presented in Figure 28.

Original Object Image Case 8; Signal = Z[2,0] & Z[4,0]; Noise =
0; Pupil = 6mm
VSOTF = 0.007 ; Strehl = 0.0009

Case 6; Signal = Z[2,0] & Z[4,0]; Noise = | Case 7; Signal = Z[2,0] & Z[4,0]; Noise =
0.25um RMS (Random); Pupil = 6mm 0.25um RMS (Filtered); Pupil = 6mm
VSOTF = 0.02 ; Strehl = 0.005 VSOTF = 0.002 ; Strehl = 0.006

Figure 28. Impact of roughness with refractive errors (defocus and spherical
aberration) on simulated retinal image. Top left: Original object image; Top right:
simulated retinal image with refractive error but no noise signal; Bottom Left: simulated
retinal image with refractive error and random noise signal;, Bottom Right: simulated
retinal image with refractive error and filtered noise signal.
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In the presence of refractive errors of this order (Z[2,0] = 2um and Z[4,0] = 0.15um),
adding random noise improved the VSOTF (0.007 to 0.02) and Strehl Ratio (0.0009 to
0.005). However, for the filtered noise, the image quality metric VSOTF (0.007 to
0.002) deteriorated while the Strehl Ratio improved (0.0009 to 0.006).

Impact of Spherical Aberrations

Adding spherical aberrations to the signal results in improving the simulated retinal
image quality in the absence of any noise (VSOTF 0.0025 for Z[4,0] = Oum to 0.007
for Z[4,0] = 0.15 um), in presence of random noise (VSOTF 0.0132 for Z[4,0] = Oum to
0.02 for Z[4,0] = 0.15 um), and also in presence of filtered noise (VSOTF 0.0006 for
Z[4,0] = Oum to 0.002 for Z[4,0] = 0.15 um). This affect is presented in Figure 29.

Case 8; Signal = Z[2,0] & Z[4,0]; Noise =
0; Pupil = 6mm
VSOTF = 0.007 ; Strehl = 0.0009

0.25um RMS (Random); Pupil = 6mm
VSOTF = 0.02 ; Strehl = 0.005

Case 6; Signal = Z[2,0] & Z[4,0]; Noise =

Case 12; Signal = Z|2,0]; Noise = 0; Pupil
=6mm
VSOTF = 0.0025 ; Strehl = 0.00045

Case 13; Signal = Z[2,0]; Noise = 0.25um

RMS (Random); Pupil = 6mm
VSOTF = 0.0132 ; Strehl = 0.0045
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Case 7; Signal = Z[2,0] & Z[4,0]; Noise = | Case 14; Signal = Z[2,0]; Noise = 0.25um
0.25um RMS (Filtered); Pupil = 6mm RMS (Filtered); Pupil = 6mm
VSOTF = 0.002 ; Strehl = 0.006 VSOTF = 0.0006 ; Strehl = 0.0059

Figure 29. Impact of spherical aberration in the presence of defocus error on simulated
retinal image, with and without the noise signal. Top: simulated retinal image with no
noise; middle: simulated retinal image with random noise RMS 0.25 um at 6mm
diameter; Bottom: Simulated retinal image with filtered noise RMS 0.25um at 6mm
diameter. The simulation results with spherical aberrations Z[4,0] = 0.15um are
presented in the left column, and spherical aberrations Z[4,0] = Oum in the right column.

Impact of Pupil Diameter

Reducing the pupil size resulted in dramatically improving the simulated retinal image
without any noise (Strehl Ratio 0.0009, VSOTF 0.007 at 6mm pupil to 0.018 and 0.03
at 3mm pupil respectively), and in the presence of random noise (Strehl Ratio 0.005,
VSOTF 0.02 at 6mm pupil to 0.062 and 0.08 at 3mm pupil respectively). However, for
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filtered noise, the gains in image quality were marginal in terms of VSOTF (0.002 at
6mm pupil to 0.0025 at 3mm pupil), although evident in terms of Strehl Ratio (0.006 at
6mm pupil to 0.022 at 3mm pupil) and the image quality in general. These affects are

presented in Figure 29.

Case 8; Signal = Z[2,0] & Z[4,0]; Noise =
0; Pupil = 6mm
VSOTF = 0.007 ; Strehl = 0.0009

0.25um RMS (Random); Pupil = 6mm
VSOTF = 0.02 ; Strehl = 0.005

0.25um RMS (Filtered); Pupil = 6mm
VSOTF = 0.002 ; Strehl = 0.006

Case 6; Signal = Z[2,0] & Z[4,0]; Noise =

Case 7; Signal = Z[2,0] & Z[4,0]; Noise =

Case 9; Signal = Z[2,0] & Z[4,0]; Noise =
0; Pupil = 3mm
VSOTF = 0.03 ; Strehl = 0.018

Case 10; Signal = Z[2,0] & Z[4,0]; Noise =

0.25um RMS (Random); Pupil = 3mm
VSOTF = 0.08 ; Strehl = 0.062

Case 11; Signal = Z[2,0] & Z[4,0]; Noise =

0.25um RMS (Filtered); Pupil = 3mm
VSOTF = 0.0025 ; Strehl = 0.022
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Figure 30. Impact of pupil diameter in the presence of refractive errors (defocus and
Spherical aberration) on simulated retinal image. Top: simulated retinal image with no
noise; middle: simulated retinal image with random noise RMS 0.25 um at 6mm
diameter; Bottom: Simulated retinal image with filtered noise RMS 0.25um at 6 mm
diameter. The simulation results with pupil diameter 6mm are presented in the left
column, and pupil diameter 3mm in the right column.

Impact of spatial frequency of the filtered noise

Simulations were performed for six different spatial frequencies of the filtered noise
pattern (0.34, 0.48, 0.52, 0.67, 0.81, 1 cycles per mm defined at the cornea plane). For
each spatial frequency, different set of Zernike coefficients were used, however the
RMS of 7t and 8" Zernike order was maintained to 0.25um. The impact of spatial
frequency on simulated retinal image quality is presented in Figure 31. The image
quality metrics VSOTF and Strehl Ratio showed a similar and cyclic progression;
VSOTF and Strehl Ratio reached their peaks at the spatial frequency of 0.67 cycle per
mm.
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Figure 31. Impact of spatial frequency on simulated retinal image quality. The image
quality metrics (VSOTF and Strehl Ratio) reached their peak at the spatial frequency

of ~0.67 cycle per mm.
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3.4 TOPIC D: Determination of optimum laser beam characteristics: Theoretical
simulations

In general, the layer depth progressed as 1/overlap? decreasing as the overlap
distance increased. For the input parameters presented in Table 7, the progression of
layer depth is shown in Figure 32. In Figure 32 and subsequent figures in this section,
the horizontal axis (overlap (um)) represents the overlap distance (or inter spot
distance) between two consecutive ablation spots in um, where a lower overlap
represent a tighter spot placement.

Layer Depth
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Figure 32. The progression of layer depth with respect to the overlap distance, for the
input parameters presented in Table 7. The horizontal axis (overlap (um)) represents
the overlap distance (or inter spot distance) between two consecutive ablation spots in
um, where a lower overlap represent a tighter spot placement. The layer depth
progressed as 1/overlap? with respect to the overlap distances.

The optimum condition for the following parameters characterizing the beam profile
was found:

Optimum truncation size

The results of the simulations are presented in Figure 33. The complete beam profile
represented with a truncation fraction of 100%, resulted in the smoothest ablations. A
further truncation of the beam profile increased the roughness in ablation for overlap
distances less than 600um. These results suggest that application of a pinhole to
truncate the beam profile may marginally increase the ablation efficiency but
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dramatically deteriorates the ablation smoothness for the entire range of overlap
distances below ~600um (corresponding nearly to the size of a single spot). An
exception was seen at overlap distances ~400um, where three profiles collapsed.
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Figure 33. The Roughness in ablation with respect to the varying overlap distances for
different truncation fractions. The complete beam profile represented with a truncation
fraction of 100%, results in the smoothest ablations. A further truncation of the beam
profile increases the roughness in ablation for overlap distances less than 600um.

Optimum Super Gaussian Order

The results of the simulations are presented in Figure 34. The roughness increased for
larger values of N. Gaussian profiles theoretically result in smoother ablations,
particularly for overlap distances smaller than ~620um, corresponding nearly to the

size of a single spot.
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Roughness in ablation for different super gaussian orders
Reticular lattice; Round geometry; Cornea simulation
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Figure 34. The roughness in ablation with respect to the varying overlap distances for
different super Gaussian orders (N). The roughness increases with increasing values
of N, particularly for overlap distances smaller than ~620um.

Optimum Spot Geometry
The results of the simulations are presented in Figure 35. Theoretically, round spot
geometries produced lower roughness in ablation compared to the square geometry,

particularly for overlap distances smaller than ~600um, corresponding nearly to the
size of a single spot.
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Roughness in ablation for different spot geometry
N = 1; Retticular lattice; Cornea simulation
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Figure 35. The roughness in ablation with respect to the varying overlap distances for
round and square spot geometries. Round spot geometries result in lower simulated
roughness in ablation compared to the square geometry, particularly for overlap
distances smaller than ~600um, corresponding nearly to the size of a single spot.

Optimum Lattice Geometry

The results of the simulations are presented in Figure 36. For lower overlap distances
(<200um), Triangular lattices shall theoretically produce lower roughness in ablation
compared to the reticular lattice. As the overlap distances increase, a shift was seen
in the corresponding peaks and valleys in the curve for triangular and reticular lattice,
with triangular lattice achieving its corresponding peaks and valleys (in terms of the
roughness in ablation), at smaller overlap distances compared to the reticular lattice.
This suggests that at higher overlap distances, triangular lattice results in lower
roughness in ablation compared to the reticular lattice.
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Roughness in ablation for different lattice designs
N = 1; Round geometry; Cornea simulation
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Figure 36. The roughness in ablation with respect to the varying overlap distances for
Reticular and Triangular lattice geometries. For lower overlap distances (<200um),
Triangular lattices resulted in lower simulated roughness in ablation compared to the
reticular lattice. As the overlap distances increase, a shift can be seen in the
corresponding peaks and valleys in the curve for triangular and reticular lattice.

Measured vs. theoretically modeled beam profile

The simulated roughness in ablation for the theoretically modelled beam profile was
compared to the measured beam profile. This comparison is presented in Figure 37.
The measured beam profile corresponded well with the theoretically modelled beam
for the entire range of overlap distances; however the modelled beam profile showed
comparatively lower roughness in ablation in general.
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Roughness in ablation for theoretical modelled and measured beam profiles
N = 1; Reticular lattice; Round geometry; Cornea
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Figure 37. The roughness in ablation with respect to the varying overlap distances for
theoretically modelled and measured beam profile (using beam profile camera). In
general, the theoretically modelled beam profiles result in lower simulated roughness
in ablation compared to the measured beam profile. Good correspondence was
observed between the two beam profiles for the entire range of overlap distances.

Impact of ablation material

The results of the simulations are presented in Figure 38. The simulated roughness in
ablation on PMMA tends to be lower than on the human cornea, although
correspondingly, lower ablation volumes are also associated with PMMA. For a window
of overlap distances (90-150um), the correspondence between PMMA and cornea was
very good in terms of the roughness in ablation (indicated with a green window in
Figure 38). As the overlap distances increase, a shift was seen in the corresponding
peaks and valleys in the curve of PMMA and cornea.
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Figure 38. The roughness in ablation with respect to the varying overlap distances for
human cornea and PMMA (polymethylmethacrylate). The simulated roughness in
ablation on PMMA tends to be lower than on the human cornea. For a window of
overlap distances (90-150um), high correspondence is seen between PMMA and
cornea in terms of the roughness in ablation (indicated in green).

Impact of Spot Energy and Spot Diameter

The results of the simulations are presented in Figure 39 and Figure 40. The roughness
in ablation was lower for lower energy and larger spot sizes. This suggests that for
smoother flat ablations, lower spot energy and larger spot sizes should be preferred.
However, this would limit the lateral resolution that is imperative to ablate the fine
shapes needed in higher order correction in refractive surgery.
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Roughness in ablation for different Spot Energy
N = 1; Reticular lattice; Round geometry; Cornea simulation
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Figure 39. The roughness in ablation with respect to the varying overlap distances for
different energy settings presented in Table 10. Here, Low E represents a spot energy
of 0.53mdJ, Basis represents the standard test setting (Table 7, spot energy = 0.95mJ)
and High E represents a spot energy of 1.40mdJ. The roughness in ablation tends to be
lower for lower values of spot energy, and increases as the values of spot energy
increases, for the complete range of overlap distances.

96



RESULTS

Roughness in ablation for different Spot Diameter
N = 1; Reticular lattice; Round geometry; Cornea simulation
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Figure 40. The roughness in ablation with respect to the varying overlap distances for
different spot diameters presented in Table 11. Here, Large Spot represents a spot
diameter of 1.20mm, Basis represents the standard test setting (Table 7, spot diameter
= 0.89mm) and Small Spot represents a spot diameter of 0.60mm. The roughness in
ablation tends to be lower for larger spot diameters, and increases as the values of
spot diameter decreases, for the complete range of overlap distances, barring the
exception of few overlap distances where all the three curves collapse giving a similar
roughness.

Perturbation Analysis

The results of the perturbation analysis are presented in Figure 41. With respect to the
standard test settings ( Table 7), the simultaneous perturbation in the input parameters,
including the spot overlap distances represents more realistic results expected in the
real world. According to the expectations, the simulated roughness in ablation with the
perturbed input parameters, followed a similar but very jittery progression as the
standard test settings. However, unlike the standard test settings, for the overlap
distances below 300um, the simulated roughness remained closer to 0.1um and did
not systematically reduce to zero roughness. This suggests that in the real world
settings, minimum roughness in ablation shall be achieved at an overlap distance of
300um, and an overlap distance below 300um shall not detrimentally affect the
roughness in ablation.
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Figure 41. The roughness in ablation with respect to the varying overlap distances, for
the standard test setting (Table 7) compared to the outcomes with the perturbed input
parameters. The simulated roughness in ablation with the perturbed input parameters,
followed a similar but very jittery progression as the standard test settings. For the
overlap distances below 300um, the simulated roughness remained closer to 0.1um
and did not systematically reduce to zero roughness.

Proper Optimum for minimum roughness in ablation

For the input parameters presented in Table 7, a proper optimum configuration for
minimizing the roughness is summarized in Table 17. The optimum overlap distances
correspond to the valleys in Figure 36 (Reticular lattice), that is, 96um, 120 um, 132um.
However, considering the outcomes of the perturbation analysis, any spot overlap
below 300pum would result in minimum roughness in ablation given the variability in
relevant parameters, observed in a realistic setting.
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Parameter

Optimum Value for lower
roughness

Optimum truncation diameter

PH = 100% (No Truncation)

Optimum Super Gaussian Order

N=1

Optimum Spot Geometry

Round Spot

Optimum Lattice Geometry

Triangular Lattice

Overlap Distances (um)

96, 120, 132 (Theoretical
optimum)

<300um (based on
Perturbation analysis)

Optimum Spot Energy

Lower Energy (0.53 mJ)

Optimum Spot Diameter

Large spot (Foot print =
1.20mm)

Impact of absorption coefficient and threshold of the

irradiated tissue or material (q, Ith)

PMMA lower than cornea

Modelled beam vs. Measured beam profile

Model beam profile

Table 17. Proper Optimum: A proper optimum configuration for minimizing the
roughness in ablation, for the input parameters presented in Table 7. It is assumed that
the combination of individual optima represents an optimum for the given conditions.
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3.5 TOPIC E: Determination of optimum laser beam characteristics: Empirical
Evaluation

The modelling and optimization in the simulation environment was followed by
experiments to give empirical evidence for the impact of laser beam characteristics on
residual roughness after ablation, with an excimer laser system. In general, truncation
of the beam is negatively associated to a higher level of residual roughness; ordered
dithering to select the optimum pulse positions is positively associated to a lower level
of residual roughness; jitter is negatively associated to a higher level of residual
roughness. The effect of dithering was the largest, followed by truncation, and jitter had
the lowest impact on results. So that: dithering approaches help to further minimize
residual roughness after ablation; minimum (or no) truncation of the beam is essential
to minimize residual roughness after ablation; and jitter shall be avoided to minimize
residual roughness after ablation.

Mean Performance

Performance for all 8 test settings is displayed in Figure 42 (Left), whereas cumulative
effect of pinhole, dithering and jitter is displayed in Figure 42 (Right). The absence of
pinhole enhanced performance by +4% (p<.005); the use of ordered dithering
enhanced performance by +3% (p<.01); and the absence of jitter enhanced
performance by +1% (p<.05).
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Figure 42. Mean performance measured for each test condition, ranging from 99% to
108% (left). 4 vs. 4 cumulated comparison of the effects of pinhole, dithering, and jitter
on mean ablation performance on PMMA (right). The absence of pinhole enhanced
performance by +4% (p<.005); the use of ordered dithering enhanced performance by
+3% (p<.01); and the absence of jitter enhanced performance by +1% (p<.05).

Roughness

Roughness for all 8 test settings is displayed in Figure 43 (Left), whereas cumulative
effect of pinhole, dithering and jitter is displayed in Figure 43 (Right). The absence of
pinhole reduced roughness by -8% (p<.00005); the use of ordered dithering reduced
roughness by -11% (p<.00001); and the absence of jitter reduced roughness by -4%
(p<.0005).
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Figure 43. Residual roughness measured for each test condition, ranging from 160nm
to 427nm (left). 4 vs. 4 cumulated comparison of the effects of pinhole, dithering, and
jitter on residual roughness on PMMA (right). The absence of pinhole reduced
roughness by -8% (p<.00005); the use of ordered dithering reduced roughness by -
11% (p<.00001); and the absence of jitter reduced roughness by -4% (p<.0005).

Roughness versus ablation depth

The relationship roughness (in the form of sum of the squared residuals) vs. maximum
ablation depth is displayed in Figure 44 for Pinhole (left), Dithering (middle), and Jitter
(right). It followed a power function, with an exponent ~1.4-1.5 with maximum ablation
depth providing reasonable R?>0.8. The best fit lines confirm that the absence of
pinhole, the use of ordered dithering, and the absence of jitter all reduced roughness.
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Figure 44. Roughness (expressed as the sum of squared residuals) versus maximum
ablation depth in a 4 vs. 4 cumulated comparison of the effects of pinhole (left),
dithering (middle), and jitter (right). It follows a power function, with an exponent ~1.4-
1.5 with maximum ablation depth providing reasonable R2>0.8. The best fit lines
confirm that the absence of pinhole, the use of ordered dithering, and the absence of
jitter all reduced roughness.
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Pairwise comparisons

Pairwise comparisons are shown in Table 18. The pairwise comparisons confirm that
for all but one case the absence of pinhole, the use of ordered dithering, and the
absence of jitter all reduced roughness.

Comparison

(bold Statistically

Pairwise |Test SD Counterpart Test SD significant)

Pinhole |Test 1: PH=1; Dithering=0; Jitter=0 297+26 |Test 8: PH=0; Dithering=0; Jitter=0 256+24 [No PH better

Test 2: PH=1; Dithering=0; Jitter=1 312425 |Test 7: PH=0; Dithering=0; Jitter=1 272+32 [No PH better

Test 3: PH=1; Dithering=1; Jitter=1 268+20 |Test 6: PH=0; Dithering=1; Jitter=1 252125 |No PH better

Test 4: PH=1; Dithering=1; Jitter=0 249+17 |Test 5: PH=0; Dithering=1; Jitter=0 250+28 |PH better

Dithering |Test 3: PH=1; Dithering=1; Jitter=1 268+20 |Test 2: PH=1; Dithering=0; Jitter=1 312125 |Dithering better

Test 4: PH=1; Dithering=1; Jitter=0 249+17 |Test 1: PH=1; Dithering=0; Jitter=0 297+26 |Dithering better

Test 5: PH=0; Dithering=1; Jitter=0 250128 |Test 8: PH=0; Dithering=0; Jitter=0 256124 |Dithering better

Test 6: PH=0; Dithering=1; Jitter=1 252+25 |Test 7: PH=0; Dithering=0; Jitter=1 272132 Dithering better

Jitter Test 2: PH=1; Dithering=0; Jitter=1 312125 |Test 1: PH=1; Dithering=0; Jitter=0 297+26 |No Jitter better

Test 3: PH=1; Dithering=1; Jitter=1 268+20 |Test 4: PH=1; Dithering=1; Jitter=0 249117 |No Jitter better

Test 6: PH=0; Dithering=1; Jitter=1 252+25 |Test 5: PH=0; Dithering=1; Jitter=0 250+28 |No Jitter better

Test 7: PH=0; Dithering=0; Jitter=1 272+32 |Test 8: PH=0; Dithering=0; Jitter=0 256+24 |No Jitter better

Table 18. Pairwise comparisons: the absence of pinhole, the use of ordered dithering,
and the absence of jitter all reduced roughness.

Best-Worst comparisons

The rank of residual roughness is shown in Table 79. The worst condition was test
setting 2 (with pinhole, without dithering, with jitter) as exactly predicted by Figure 43
and Figure 44 (and Table 18). Its counterpart, derived as best from figures Figure 43
and Figure 44 (and Table 18) would be test setting 5 (without pinhole, with dithering,
without jitter), but the actual empirical best condition was Test setting 4 (with pinhole,
with dithering, without jitter). These 3 settings are displayed and analyzed in Figure
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45. There was no statistically significant difference in roughness between test settings
4 and 5 (empirical best vs. predicted best) (difference in roughness 0.1%; p=.5). There
was a clear statistically significant difference in roughness between test setting 2 and
test settings 4 and 5 (worst vs. best) (difference in roughness +24%; p<.00001). The
same holds for the relationship roughness (in the form of sum of the squared residuals)
vs. maximum ablation depth, which is largely overlapped for test settings 4 and 5
(best), and distinctly higher for test setting 2.

Rank Test

Test 4: PH=1; Dithering=1; Jitter=0
Test 5: PH=0; Dithering=1; Jitter=0
Test 6: PH=0; Dithering=1; Jitter=1
Test 8: PH=0; Dithering=0; Jitter=0
Test 3: PH=1; Dithering=1; Jitter=1
Test 7: PH=0; Dithering=0; Jitter=1
Test 1: PH=1; Dithering=0; Jitter=0
Test 2: PH=1; Dithering=0; Jitter=1
Table 19. Rank for the residual roughness on PMMA.
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Figure 45. Worst-Best comparisons: the absence of pinhole, the use of ordered
dithering, and the absence of jitter all reduced roughness. There was no statistically
significant difference in roughness between test settings 4 and 5 (empirical best vs.
predicted best) (difference in roughness 0.1%, p=.5). There was a clear statistically
significant difference in roughness between test setting 2 and test settings 4 and 5
(worst vs. best) (difference in roughness +24%; p<.00001). The same holds for the
relationship roughness (in the form of sum of the squared residuals) vs. maximum
ablation depth, which is largely overlapped for test settings 4 and 5 (best), and distinctly
higher for test setting 2.
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Summary

For the input parameters presented in Table 13, a proper optimum configuration for
minimizing the roughness is summarized in Table 20.

Conditions without 0.7m pinhole and No pinhole and 0.9mJ

Jitter//with Jitter=20um | 0.75mdJ energy energy

Heuristic reticular search | Baseline (100% residual -8%//-4%
roughness)//+5%

Ordered dithering search | -11%//-7% -18%//-14%

Table 20. Consolidated summary of the results
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4 DISCUSSION

4.1 TOPIC A and TOPIC B: Can we quantify and compensate for the influence of
environment conditions on refractive procedures?

A critical interplay exists between several factors affecting the corneal temperature and
hydration during the refractive surgery, namely geographical location and patient
lifestyle?20-221.222 " f|luid distribution, photoablation time, temperature'?® etc.

Several groups have tested the impact of hydration and room temperature in human
eyes undergoing refractive surgery, reporting different influence on post-ablation
outcomes?23224_ In a retrospective chart review comprising 368 consecutive eyes of
191 myopic patients who had laser in situ keratomileusis (LASIK) by the same surgeon,
Walter and Stevenson determined whether environmental factors affect LASIK
enhancement rates (the percentage of people undergoing a secondary procedure to
improve surgery outcomes)??5. Using univariate and multivariate analysis, they found
that LASIK enhancement rates strongly correlated with procedure room humidity, 2-
week preparative mean outdoor humidity, outdoor temperature, and age; suggesting
that these factors should be taken in to account while planning the LASIK procedure.
In another study, a modified LASIK procedure was performed on the corneal surface
that was kept relatively dry by blotting of the stromal surface between sets of laser
pulses®®®. A group of 36 eyes undergoing the modified LASIK procedure was
compared to a group of 40 eyes undergoing normal LASIK procedure. It was reported
that for less hydrated corneas, ablation effects were greater than for corneas not
blotted during the procedure, but these patients appeared to undergo greater myopic
regression. Contrary to these results, studies with other laser platforms could not
demonstrate any significant difference in patients grouped according to season at time
of treatment??”’.

The results of our large scale retrospective cross sectional study demonstrated a cyclic
winter-summer variation in PMMA ablation using the SCHWIND AMARIS lasers. The
correspondence between nominal laser pulses (determined on PET) and the nominal
single laser pulse fluence (determined on PMMA) may indicate that the underlying
effect is not arising from the ablation material but from the laser system itself.
Furthermore, our results were consistently confirmed in the seasonal as well as
monthly analyses showing a very comparable trend. Although, all the ablations were
performed with laser systems under stable room conditions and only minor seasonal
differences in relative humidity, yet differences in performance could be observed.
Since the recorded room temperature and relative humidity remained almost constant
throughout the entire duration of testing (21°C-24°C (21°C-22°C in winter and 23°C-
24°C in summer) and 30%-50% Relative humidity (30%-40% in winter and 40%-50%
in summer)), this may indicate that not only the room temperature and relative humidity
plays a role in influencing the laser system performance, but also other factors may be
involved like the air circulation which may be affected with the seasonal variations
(blowing hot air in wintertime vs. Cold air and dehumidifying in summertime).

Through the results obtained during the experiments in the climate chamber, we could
establish a well-fitting multi-linear model to estimate the impact of changes in
temperature and relative humidity on laser energy, fluence, and ablation efficiency on
PMMA and tissue. According to this model, time was a significant predictor for all
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output parameters, except for refractive change achieved on porcine cornea,
suggesting that the system performance changed significantly with time. One possible
explanation for this could be that the rapidly changing room environment conditions
affected the performance of the laser system dramatically. In order to analyze the
impact of temperature and humidity, independently, and eliminate the influence of time,
the time was taken out as a covariate in our analysis. This can be regarded as a
limitation of the ablation model.

There are some further limitations to our work; unlike the cross-section review, the
tests in the climate chamber and the resulting ablation model was established based
on only one laser system used over a series of days of testing, and under a range of
climate conditions. The inter-system variability was not included in our analysis,
however, PMMA ablation efficiency being the calibration method for SCHWIND
AMARIS laser systems, a comparison of the ablation efficiency in PMMA and porcine
corneal tissue was a more critical analysis goal.

Our ablation model, followed multi-linear approximation of the deviations in the
normalized data. The deviations in other metrics (like median, averages etc.) were not
analyzed. In our methods, we describe the dependencies via a linear approximation.
The analysis was repeated for an exponential model which showed very comparable
results to the linear approximation. However, due to obtained good correlation, further
modelling approaches (exponential, sigmoid etc.) were not tested. In addition, the
goodness of the ablation model was tested for a narrow window of parameters,
however, surpassing the extremes of the potential working conditions for refractive
surgery laser systems. No further conditions were tested to qualify the model and
recognize the outliers. An ablation model based on human cornea would be ideal,
however our tests were conducted on enucleated porcine eyes; hence, the results shall
be extrapolation from porcine to human cornea. The pressure in the eye was
subjectively checked by touching the corneal surface with a fingertip instead of an
objective measurement through a pressure sensor. During the evaluation of the test
set-up prior to the beginning of the tests, it was discovered that using a pressure
column to maintain the pressure with an infusion was logistically problematic, for
orienting the porcine eyes properly under the laser. A lack of measurement of eye
pressure, could have caused variability in the achieved refractive change in the porcine
cornea, however, given the number of eyes in the test protocol, it is unlikely that this
may induce a systematic bias. Actually, the increased variability may mask a difference
as non-significant although there is one, so if at all this may lead to a type |l statistical
error. The porcine eyes were refrigerated and then were serially placed in the climate
chamber, ablated, and discarded. It would have been optimal to have the porcine eyes
at normal room temperature and measure the corneal temperature at the time of
ablation, in order to precisely determine the effect of temperature and humidity on
ablation rate. However, due to the logistical issues and a long test protocol, porcine
eyes were refrigerated until being ablated. Nevertheless, this protocol was
systematically followed for all the eyes. The porcine eyes were stored in glucose and
saline solution until being ablated. No pachymetry data was recorded to evaluate the
influence of hydration on the thickness of the corneal tissue. This factor could have
even affected the influence of the humidity conditions in the room on to the effective
hydration of the cornea. Since fresh porcine eyes were procured and tested on each
day, the variability between the days would not be as critical, compared to the changes
throughout the day as the eyes are being stored in the solution for nearly 8 hours.
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Based on the ablation model, the temperature changes did not affect laser pulse
energy, fluence, and ablation efficiency (on PMMA or porcine corneal tissue)
significantly. This was confirmed by the surface plots shown in Figure 23 and Figure
24. A diagonal trend was observed in surface plots shown in Figure 25 and Figure 26,
showing an influence of the temperature change, although not achieving statistical
significance (p = .33 for PMMA and p = .17 for Porcine cornea, although lowest of all
the parameters predicted by the temperature change yet p >.05). Changes in relative
humidity were more critical and significantly affected the laser pulse energy, high
fluence and low fluence, however, these changes did not significantly show up in the
ablation efficiency on PMMA and porcine cornea. As per the design of SCHWIND
AMARIS, the output of PET ablations calibrates the PMMA ablations in the short term
(interval of 2 hours). Therefore, the internal compensation of SCHWIND AMARIS
(preset energy, pulses) could be a factor for reducing the influence of temperature and
relative humidity on PMMMA and porcine to a non-significant impact. In any modern
commercially available refractive laser system, calibration cycles are repeated at
different frequencies depending on the frequency of the system feedback'®®. In one
form or another, since all laser systems follow the same principle of short term
calibration, the results of our tests on PMMA and porcine cornea, and their inter-
relationship would still remain valid.

Model simulations have shown that laser energy absorption (up to 7% of the available
energy) occurs along the path of laser beam, into the existent space between the laser
beam source and the patient's eye, due to the environmental temperature and relative
humidity. In comparison, our results suggest laser energy absorption of 10-14% in the
range of tested climate conditions. Theoretical model of the water vapor absorption at
193 nm wavelength have been proposed in order to quantitatively assess the influence
of environmental parameters on the laser energy that actually reaches the corneal
surface.228.140,

Similar conclusions regarding the influence of temperature and humidity on refractive
outcomes were presented in a study with 237 patients who underwent LASIK, between
May 1999 and March 2000.22° The results at 15 and 60 days after LASIK were
compared according to different levels of temperature and humidity in the operating
room during the procedure. The linear regression coefficient showed that lower
temperature levels were associated with lower spherical equivalent refractions at 60
days after LASIK. The evaluation of humidity indicated an influence at 15 days after
LASIK, as well as at 60 days, suggesting a higher significance of operating room
humidity compared to the temperature.

In our results, moist climate conditions resulted in lower single pulse energy, this could
be due to higher UV absorption in moist air present in the environment. Similarly,
reduced ablation efficiency was recorded on porcine corneal tissue, at low
temperatures and high humidity.

Comparison of PMMA ablation to porcine cornea tissue
Plastic models based on PMMA are readily used for calibration of the laser system,
but PMMA ablation may also be equally affected by the variations in temperature and

humidity. A comparison of PMMA and porcine corneal tissue in terms of the influence
of temperature and relative humidity, for all the points in the 4X4 matrix of input values
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of predictive factors (Table 16) is presented in Figure 46. An opposite trend was
observed between the performance on PMMA and porcine cornea.
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Figure 46. A comparison of PMMA and porcine corneal tissue in terms of the influence
of temperature and relative humidity, for all the points in the 4X4 matrix of input values
of predictive factors.

The results of the large scale retrospective cross sectional review documented here,
can be compared with the clinical results from Luger et al.’®®, who used the same laser
platform to analyze the effect of seasonal changes in residual refraction in 5740
consecutive treatments, one year after corneal refractive surgery. With this
comparison, one can investigate the relationship between laser ablation of PMMA and
human corneal tissue. This comparison also confirms the opposite trends followed by
PMMA and corneal tissue ablation under different seasonal conditions. However, the
ranges or maximum deviation in performance observed in this large scale retrospective
cross sectional review are wider than the results presented by the climate chamber
tests; especially considering the controlled room conditions with subtle seasonal
changes during production, compared to the forced extreme conditions in the climate
chamber tests (temperature ~18°C to ~30°C and relative humidity ~25% to ~80%).

This finding of an opposite trend in performance of PMMA and tissue confirmed
through two independent analysis methods, is counterintuitive, as principally, the
behavior on calibration material is expected to follow the same trend as tissue ablation.
Further explorations are needed to explain this findings, but a potential explanation
may be that PMMA has a much lower water content than the cornea, therefore, PMMA
regardless of the tested setting tends to moist (faster for larger humidity differences),
while cornea regardless of the tested setting tends to dry out (faster for larger humidity
differences). Nevertheless, these opposite trends may amplify each other, since
calibrating in dry and hot conditions would make the laser underperform on PMMA,
which after potentially being adjusted to 100%, would result in over-performance on
porcine cornea in dry and hot conditions. In the most extreme case, such a calibration
may lead to an over-correction of 8% (2 % adjustment due to PMMA calibration at 30°C
and 80%RH, increasing the correction on porcine cornea from 6 to 8%, Figure 46) on
porcine cornea, or conversely an under-performance on PMMA by the same amount.

It must be also pointed here, that principal diagonal in PMMA and porcine tissue
surface plots (Figure 25 and Figure 26, dry-hot to humid-cold), represents a “90° shift”
from the summer-winter diagonal (typically going from hot-humid to cold-dry and vice-
versa). Therefore, in reality the laser system shall be unlikely subjected to such an
extreme change in the climate.
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As shown in the results of the climate chamber tests, the effect of both temperature
and relative humidity accounted for a deviation of +/-2.5% in PMMA. Assuming the
same maximum deviation of +/-2.5% in refractive change in porcine cornea, a working
window of climate settings can be defined for an optimum operation of the laser
system. This is presented in Figure 47.

RH gos | ——

30°C, 80%

18°C, 65

45% 18°C, 45%

30°C, 45%

18°C, 32%

18°C, 25%
25% 30°C, 25%

24°C, 25%

20°C, 25%

.
Cal

18°C 24°C 30°C

Figure 47. Definition of a working window of climate settings for an optimum operation
of the laser system, with a maximum deviation of +/-2.5% in ablation efficiency in
PMMA and porcine corneal tissue.

4.1.1 Outlook

A cross sectional analysis is generally limited in analyzing behavior over a period of
time, furthermore to determine a cause and effect relationship. It is only effective when
it represents the entire population and has a large enough sample size to provide
accuracy. We analyzed the ablation performance with only SCHWIND AMARIS laser
platform, with all the three commercially available models combined in a single cohort.
This can be limiting in providing conclusive evidence for the influence of seasonal
changes on excimer lasers in general. However, due to the longitudinal nature of the
study lasting six years, and analyzing a large number of AMARIS systems, a scientific
conclusion can be drawn with reasonable confidence for the AMARIS laser platform.

This work can be expanded to other laser platforms to draw more global conclusions
covering a broader spectrum. Furthermore, it would have been interesting to correlate
our findings with the actual room conditions (temperature, humidity, air flow etc.)
however, due to the retrospective nature of this study, this data could not be extracted
for further analysis. This aspect can be also included in another analysis planned
accordingly, but this may presumably last many years to match the number of lasers
analyzed here.
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Finally, the seasonal variations have shown to influence both the ablation efficiency on
corneal tissue and calibration material like PMMA. The underlying mechanism for the
observed variations, remains unexplained and warrants further exploration. The
influence on ex-vivo porcine corneal tissue was empirically tested here, while the
comparison to clinical results in humans was drawn by the results published in the
literature. Ideally, the performance of several commercially available laser platforms
on ablation material, compared to post-operative results and the laser characteristics,
analyzed under a global multi-center long term study could validate our findings, and
provide more insights on the topic. Similarly, the analysis should be expanded beyond
the application of excimer lasers in refractive surgery, and could also evaluate the
influence on other popular modalities using Femtosecond laser applications, like
SMILE?0,
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4.2 TOPIC C, TOPIC D and TOPIC E: Can we quantify the influence of post-ablation
roughness on vision and perception, and optimize refractive procedures for a
minimum post-operative roughness?

While the published work has been focused on comparison of laser delivery methods,
beam profiles and calibration materials and their influence on ablation smoothness, an
analysis of the impact of residual roughness associated with laser ablation on image
perception has not been extensively pursued. In this work, we proposed a method to
convert the residual roughness in ablation to its perception in polychromatic vision. The
residual roughness in the cornea after the laser ablation process was simulated as
random or filtered noise added to the wavefront. The signal included the 2-4th Zernike
orders, while noise used 7-8th Zernike orders. In order to test the robustness of this
method, three different set of randomly generated higher order (7-8th) Zernike
coefficients resulting in a RMS of 0.25um were fit to a 6mm fit diameter, and the
resulting wavefronts were compared in terms of the simulated retinal image quality and
image quality metrics VSOTF and Strehl ratio (Figure 48). The simulations showed
similar simulated images resulting in comparable image Strehl ratio, suggesting the
robustness of the employed method in terms of this metric. The metric VSOTF however
showed more variations.

Figure 48. Simulated retinal image and image quality metrics of three wavefronts
comprising different set of randomly generated higher order (7-8th) Zernike coefficients
as noise (RMS of 0.25um) fit to a 6mm fit diameter.

Quantification of expected benefit and visual performance is based on different metrics
generally grouped under the name of Visual Strehl (VS) related with wavefront error,
optical transfer function, point spread function and correlation with templates. The
variety of different criteria bear witness to the difficulty of the task. In our methods, the
quality of simulated retinal image was quantified using the image quality metric VSOTF
and Strehl Ratio. The metric visual Strehl calculated using the OTF method (VSOTF)
was chosen since it has been reported as the best single — value metric in a study,
for predicting how a change in aberration affects high-contrast logMAR visual acuity.
The visual Strehl has been shown to account for 81% of the average variance in high-
contrast logMAR visual acuity''”. However, the suitability of VSOTF as an analysis
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metric for our methods, with simulations involving higher order aberrations can still be
questioned. Although VSOTF has been considered as a benchmark metric to quantify
the image perception quality’'”, several authors point out that this criterion is better
suited to symmetrical aberrations as opposed their high order counterpart. In fact it is
considered that when working with non-symmetrical aberrations it is better to use
metrics that emphasize the relevance of the Optical Transfer Function, especially when
searching for correlations with letter identification and predicting visual acuity?3'.232,

Arines et al.?®! compared VSOTF and the criterion suggested by Young et al2® called
Visual Strehl Combined (VSCombined) with numerical simulations and experimental
data. They found that the VSOTF predicted the non-visibility of the letters presenting
very small values (also observed in our simulations), similar to those of 2D out of focus
images, although they were readable. In contrast, the VSCombined showed better
correlation with the visual experience of the letters. While VSOTF provides information
about the effect of contrast reduction due to aberrations, VSCombined weighs the
effect of phase reversal and PTF modulation on final image quality. It is difficult to
establish a clear criterion to assess the performance of extended depth of field
solutions. VSOTF provides information mainly about the contrast transfer of the
evaluated element while VSCombined provides information on the amount of phase
difference between the different frequencies transmitted by the system?3'. It is
important to quantify not only contrast loss but also Optical Transfer Function when
evaluating non-symmetrical phase elements. A Combination of VSOTF and
VSCombined would enable evaluation of contrast transfer and changes in Optical
Transfer Function, however such a combination image quality metric was not
evaluated in our simulations of perception of roughness.

The reference wavelength of 550nm was chosen in our simulations of the retinal image,
being the peak of human contrast sensitivity, in order to compare the different test
settings for the strongest simulated retinal image. However, typically 840nm is used to
measure aberrations in both Hartmann-Shack?'® and Pyramidal sensor®3* based
aberrometers. Therefore, our results and methods shall be adjusted for this wavelength
and for an application with clinically diagnosed aberrations.

For all the Wavefronts used in the simulations of the retinal image (with the exception
of simulation cases 6 and 7), noise (7-8" Zernike orders) was scaled to a
predetermined RMS values of 0.25um. This value was selected being the typical value
of corneal Higher Order Aberrations (HOAs) at 6mm for normal eyes?3%236, Therefore,
the same order of roughness was added to the Wavefronts as seen in the natural
HOAs. However, it must be noted that the methods presented here, are equally
applicable to simulate other levels of corneal roughness. The typical value of ocular
spherical aberrations for a 6mm pupil diameter lies between 0-0.1um?3’; whereas, the
typical value of corneal spherical aberrations lies between 0.2-0.3 um for a 6mm pupil
diameter?3®. Spherical aberration valuing 0.15um was used in the simulation cases, as
a compromise close to the typical corneal and ocular values. Our simulations showed
an improvement in image quality metrics with the addition of spherical aberrations. This
may be originated due to the same sign of defocus and spherical aberrations (both
being positive), thus flattening the central part of the wavefront, and improving the
central optics in the process.

The subjective image perception and simulated optical image quality can be different.
There are several factors like the image perception by the brain''é, and epithelium
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masking after refractive surgery®*® which cannot be easily simulated. In a study
involving 15 eyes of 15 patients who underwent LASIK, patients were examined for
upto 2 years postoperatively?*°. The total corneal thickness remained unaltered, but
epithelial hyperplasia was seen at 2 years. Keratocyte density in the anterior stroma
and posterior to the flap interface showed a slight decrease during the follow-up.
Subbasal nerve density decreased 82% in 5 days after LASIK. In these eyes, corneal
remodeling seemed to continue for at least 2 years. Kanellopoulos and Asimellis®*’
explained their findings of epithelial thickening after myopic LASIK with their hypothesis
that epithelial behavior is related to the biomechanics of the cornea and that a thinned
cornea (in cases of large myopic ablation) might be more susceptible to epithelial
hyperactivity and regrowth. Conversely, Reinstein et al.?4? suggested that all epithelial
thickness changes can be explained by a compensatory mechanism that is driven by
the rate of change of curvature of the stromal surface. Vinciguerra et al.243244
demonstrated that the initial curvature gradient after excimer ablation predicts the
change in tangential curvature over the subsequent 12 months in areas where the
initial tangential curvature is the greatest. When the curvature gradient is high, the
surface curvature modification remains in progress even months after the ablation.

There are several challenges associated to the analysis of polychromatic images.
Wavefront aberration maps are usually only available for just one wavelength,
depending on the wavelength of the aberrometer. Therefore, a conversion of wavefront
aberration to another wavelengths is necessary for an analysis. Furthermore,
convolution approaches can be only utilized for light sources which are spectrally
homogenous. For evaluating the impact of aberrations on polychromatic images, a
hyperspectral analysis is required. Additionally, the sampling frequency of the specitral
power distributions (of image) and pupil functions should be matched. These measures
were accounted, however, our methods still present some constraints. We used
Zernike coefficients of 7-8" order to simulate noise. This can be conceptually
acceptable for simulating random noise, but filtered noise simulated through these
Zernike orders may be too coarse compared to the reality. An ideal solution would have
been to include more Zernike orders for simulation or to add the filtered noise as a raw
(elevation) map, on to the wavefront signal, however, both strategies were not possible
in the version of simulation software (IRIS) used in our methods. Nevertheless, the
simulation results for filtered noise can be still considered for comparison to the random
noise. The scale of the roughness shall be analysed before applying our methods
clinically. If the scale of the roughness being analyzed is small compared to the spacing
of lenslets in aberrometer sensor, the measured roughness (RMS HOA) and hence
the simulated retinal image cannot be trusted.

Modelling approaches have been proposed in the past to study the ablation profiles
and outcomes of the refractive surgery excimer lasers?#®. The predicted post-operative
corneal ablation shape, ablated volume, asphericity and spherical aberration varies
across commercial laser platforms, as well as the relative contribution of ablation
pattern designs and efficiency losses to the increased asphericity?46.

There is a delicate balance between the spot energy and spot diameter in terms of the
roughness in ablation. Correcting the higher-order aberrations of the eye requires
lasers with smaller spots and finer resolution'®3. We modelled the laser beam
characteristics to define a set of parameters characterizing the laser beam profile that
can optimize the roughness in ablation. Our theoretical analysis of the optimum spot
energy and spot sizes, suggested that for smoother flat ablations, lower spot energy
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and larger spot sizes should be preferred. However, for achieving the limit of lateral
resolution to ablate the fine shapes needed in higher order correction in refractive
surgery, a compromise must be made between ablation smoothness and spot
characteristics (including spot geometry and energy). This compromise is reflected in
the standard test settings used here (Spot Energy = 0.95 mJ, Ro = 0.425 mm).

Several units for measuring the roughness in ablation have been proposed3*. In our

analysis, we used the RMS/yLayerDepth 4 ynit to define roughness in ablation due
to the stability observed for the entire range of overlap distances compared to other
metrics such as RMS and RMS/LayerDepth (Figure 49).

Metrics for Roughness in ablation
N = 1; Reticular lattice; Round geometry; Cornea simulation

RMS/Layer Depth —RMS/Sqrt(layer depth) —RMS
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Figure 49. Comparison of different metrics for estimating the roughness in ablation with
respect to the varying overlap distances, for the standard test settings presented in

Table 7. The metric ®MS /N LayerDepth snows good stability for the entire range of
overlap distances.

Further to the stability for the entire range of overlap distances, we consider that the
variance could well be linear with ablation depth (Layer Depth), so RMS would be linear
with the square root of (Layer Depth). In the light of the non-normalized RMS
roughness, and provided that different overlaps produce different layer depths, there
would exist an optimum overlap for different depths. Therefore, our methods can be
implied to optimize the overlap distances in the laser systems used in refractive
surgery, based on, a.) The typical depth of refractive surgery treatments, b)
dynamically adapted to the particular maximum depth in every refractive surgery
treatment, c) dynamically adapted to the local depth of each position in every refractive
surgery treatment.
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The oscillating nature observed in our results from the simulation model to find the
optimum laser beam characteristics, can be explained with an analogy to the Gauss’s
circle problem for the reticular lattice. The solution of the Gauss’s circle problem
determines the number of lattice nodes inside the boundary of a circle with center at
the origin. Assuming that the ablation matrix is based on an equidistant grid, where a
circle defines the boundary of one ablative spot and the center of this circle represents
a lattice node on this grid (like Figure 16, top left). The overlap distance can be
assumed as the distance between two consecutive nodes (i.e. the centers of two such
circles in the ablation matrix). When this distance is too small, there would be larger
number of overlapping pulses (larger number of lattice nodes within the perimeter of a
single spot). As this distance increases the number of overlapping pulses will decrease.
For a laser ablation process, this also affects the layer depth (Figure 32).

Correspondingly, the increment/decrement of lattice nodes within the perimeter of a
single spot occurs in discrete steps (and for a reticular lattice this is a multiple of 4, for
a triangular lattice a multiple of 6). Therefore, for some overlap distances, some lattice
nodes appear exactly at the boundary of a circle, increasing the resulting roughness
(RMS) to its peak. As this lattice node comes within the circle, the roughness gradually
decreases to its minimum, and again peaks as the next group of lattice nodes appears
at the boundary of the circle. The frequency of this oscillation depends on the overlap
distance, changing rapidly (smaller period) for smaller overlap distances and slowly
(larger period) for larger overlap distances. This suggests that the amplitude of RMS
in the ablation matrix shall remain constant with increasing overlap distances, however
the frequency would change. The RMS in ablation obtained in our simulations (Figure
49) shows good correspondence with this model, with oscillations of increasing
frequency and barely increasing amplitude (0-0.2um) seen as the overlap distance
increases. The other metrics (RMS/,/(Layer depth) and RMS/Layer depth) however
increase in amplitude (but follow similar frequency as the RMS) as the layer depth
decreases with increasing overlap distances. Furthermore, this analogous model may
also explain the abrupt changes seen at some overlap distances in our results (Figure
33 and Figure 34), as the discretization due to the overlap distance, affects the
roughness (amplitude and frequency) differently for different beam profiles (due to
truncation, super Gaussian order etc.). A similar model can be designed to explain the
results with the Triangular lattice.

It should be also noted that in the real case, having the theoretical optimum as
proposed here does not suffice to reach the optimum real world performance, since
there are several factors like spot positioning errors, energy fluctuations?*’, drifts of the
divergence and thermal drifts involved. We have simulated and evaluated the impact
of these factors under the perturbation analysis. A wide range (+/-10%) was chosen
for changing the input parameters of the standard test setting ( Table 7), allowing testing
the methods under extreme conditions of variability/technical error. The result of this
analysis shows an optimum that lies close to the real world conditions. Therefore,
concerning the spot positioning errors, the theoretical results should be modified to
account for these fluctuations, for eg. A local minimum of the roughness shall be taken,
such that the typical spot positioning errors would not be much detrimental to
roughness. Alternatively, for the input standard test setting, any spot overlap below
300um can be considered as optimum, based on the outcomes of the perturbation
analysis.
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Plastic models have been used to study the changes in the shape of the flat or
spherical surfaces, after refractive surgery?#8249, Ablating plastic model corneas not
affected by biomechanical or other biological effects with clinical lasers, allows to
directly measure the actual ablation pattern provided by the laser, avoiding the
approximations and assumptions used in theoretical models. However, plastic models
are not intended to mimic the response of the cornea but rather used to characterize
the laser systems. The differences in ablation process between collagen and PMMA is
well documented in the literature. Although purely based on our simulations (and not
mimicking the corneal response), the differences in the surface quality and ablation
depths in PMMA and human cornea were still evident in our results (Figure 38). This
is of clinical relevance if PMMA materials are used for initial testing or calibration of the
laser system preceding treatment procedures performed in humans. The results
suggest a window of overlap distances (<90-150um), where the correspondence in
terms roughness, between PMMA and cornea was better (indicated with a green
window in Figure 38). Additionally, unlike other groups who found more roughness for
deeper ablations in plastic models'34, our theoretical model is consistent with constant
roughness for deeper ablations, if one could dynamically adapt the overlap to the
particular ablation.

The local ablation frequency and spot overlap has also shown to affect the surface
roughness in PMMA2%0:251 Bende et al.?? used a 1.0 mm Gaussian beam flying spot
excimer laser to study the impact of spot overlap and ablation frequency on surface
roughness in PMMA flat ablations (like PTK). They found that the surface roughness
varies as a function of ablation depth, where the surface roughness for a PTK ablation
in PMMA plates varied between 0.26 and 0.49 um for a 50 um deep ablation and 0.65
to 1.12 um for a 250 um deep ablation. In PMMA the minimal surface roughness was
found for an overlap of 72.5%. Although we simulated only sequential spot placement
in our methods, we also used a similarly defined spot (~0.9mm spot diameter Gaussian
spot). Their findings for optimum overlap correspond well with the optimum 300um
overlap distance we found with the perturbation analysis. Similarly, they found that
increased fluence was associated with decreased surface roughness as well as
decreased surface waviness, as suggested in our results for the optimum spot energy
(Figure 39).

In this work, we also performed 8 PMMA tests (each with 12 ablations from -12D to
+6D, accounting for a total of 96 ablations on PMMA) in a non-sequential settings
procedure to avoid/reduce model bias; time drifts, hysteresis effects. The results
obtained in the PMMA ablations tests, are not surprising and confirm the theoretical
and simulated predictions?%. Beyond the confirmation, this work also provides a
quantification of the effects (for the described settings) through empirical means.

The empirical tests confirmed that cutting off the intensity (truncation through e.g. a
pinhole) introduces a sharp edge that cannot be compensated otherwise and hence
roughness is increased. It could be expected that gradual intensity absorption to
achieve a smooth laser spot profile would overcome this problem. The pinhole in the
AMARIS system lies in a meta-focus, in a position/plane conjugated to the ablation
plane, but the pinhole is not the focus. So that the Gaussian focusing optics may
actually create a flank out of the pinhole.

Jitter adds random noise while partially reducing the residual. This is equivalent to
increase the variance and hence increases roughness. This may not be the theoretical
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case for jitter applied to pinhole/truncated beams (as the history shows).2'° Jitter would
then smoothen the sharp truncation into a (Gaussian) progressive flank.

Dithering is constructed so that there is very high frequency contribution on one hand
side but also a near optimal compromise to achieve the desired ablation profile. The
latter is responsible for minimizing the variance. It could be that the roughness is not
reduced but only sent to frequencies out of our measurement spectrum.

To increase robustness not only 8x8 analyses, but 4 vs. 4 cumulative analyses, as well
as pairwise analyses have been included. Similar to other groups we found more
roughness for deeper ablations in plastic models'34, unlike the results of our simulation
model. In the PMMA ablations, the effect of dithering was the largest, followed by
truncation, and jitter had the lowest impact on results. So that: Dithering approaches
help to further minimize residual roughness after ablation; minimum (or no) truncation
of the beam is essential to minimize residual roughness after ablation; and jitter shall
be avoided to minimize residual roughness after ablation. Interestingly the different test
conditions not only affected roughness, but performance as well. The absence of
pinhole; the use of ordered dithering; and the absence of jitter all enhanced
performance. This can be explained by the fact that the best fit of a rougher shape runs
somewhere between the peaks and the valleys of the rough surface. For smoother
surfaces the difference from peak to valley reduces, so that the best fit line runs closer
to the maximum envelop (peaks).

We found one “anomaly” in PMMA ablation results: The best condition derived from
Figure 43 and Figure 44 (and Table 18) should have been test setting 5 (without
pinhole, with dithering, without jitter), but the actual empirical best condition was Test
setting 4 (with pinhole, with dithering, without jitter). However, there was no statistically
significant difference in roughness between test settings 4 and 5 (empirical best vs.
predicted best) (difference in roughness 0.1%; p=.5).

Of the best 4 conditions (Table 18): 3 are without pinhole, 3 are with Dithering, and 3
are without Jitter. Pairwise comparisons confirm: the presence of pinholes is
systematically worse than no truncation, Dithering is systematically better than without
Dithering, and Jitter is systematically worse than without Jitter. Once again confirming
the robustness of the findings.

There are few limitations associated with our methods. The simulation methods for
optimizing laser beam characteristics were developed for a normal incidence, but did
not include the angular dependence of ablation efficiency and the increase in corneal
asphericity due to ablation. The impact of beam characteristics on the surface
roughness and ablation efficiency were analyzed considering a flat ablation surface.
For the PMMA experiments, only 1 AMARIS was involved in the test, the truncation
(Pinhole) was tested for a single value (700um), only ordered pre-dithering was tested,
and Jitter was tested for a single value (20um in X/Y). Further to that no true Gaussian
beam was tested, but a close-to-Gaussian beam profile was used for the various test
settings. Similarly, PMMA Performance was assessed, and not directly the corneal
roughness.

In summary, in our simulations of the polychromatic vision, image quality metrics
deteriorated dramatically with increasing roughness. The results also showed that the
beam characteristics used in a corneal laser procedure have a major impact on the
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surface quality. Low overlap distances result in higher surface roughness compared to
high overlap distances. From the simulations, a theoretical proper optimum
configuration for minimizing the roughness in ablation for defined input parameters
(Table 7) have been found specifically, round spot geometry; no spot truncation
(truncation fraction = 100%); super Gaussian order N = 1, triangular lattice, with overlap
distances corresponding to the valleys in Figure 36, that is, 96um, 120 um, 132um.
The obtained theoretical results should be modified to account for the fluctuations seen
in the real world. For the input standard test setting used in the simulation model, an
overlap distance below 300um shall not detrimentally affect the roughness in ablation,
given the perturbations observed in the real world. The PMMA experiments confirmed
the theoretical proper optimum settings in real world conditions (limited to the defined
input parameters in Table 12), specifically no spot truncation (no pinhole); and using
dithering strategies without jitter helps minimize the roughness in PMMA ablations.

421 Outlook

Several factors are associated with the epithelial response in refractive surgery?53.239
254,255,256 An important aspect for consideration in post-operative refractive outcomes,
is the epithelial masking that will finish the smoothing process after the corneal
ablation?402%7,  An  optimum topography of the stroma facilitates re-
epithelialisation?43-244, Additionally, it is known that stromal topography affects
overlying epithelial function including the differential expression of both cellular and
extracellular substances?®. For a re-growing epithelium affected by laser cuts, the
balance between the pressure exerted by the superficial cell layer under tension and
the epithelial growth pressure might be the factor determining the thickness of the
epithelium at any point of the cornea in steady state conditions2%®. Several other factors
have also been identified to be associated with an increase in epithelial thickness, like
small ablation zones, greater attempted corrections, and a greater rate of change in
power at the edge of the ablation zone. Larger, smoother ablation profiles may result
in less epithelial hyperplasia®3. Although the corneal wound healing response is
exceedingly complex, attempts have been made in the past to develop mathematical
models used as the basis to design ablation patterns that compensate in advance for
the expected corneal surface smoothing response?59260261  However, the
mathematical models presented here does not take the above mentioned aspects into
account in order to determine the final effect upon the overall refracting surface and
level of corneal clarity. An investigation in corneal remodeling should be considered to
further explore the benefits of the presented mathematical approaches, closer to the
real world conditions.

Based on the presented theoretical results, it can be foreseen that smoother surfaces
would be achieved immediately after the ablation, using the proposed laser beam
characteristics. This means at least two related potential advantages: 1) Short term
outcomes may be Dbetter in the time period where the epithelium
remodeling/smoothing/masking takes place, 2) Time for surface recovery may be
shorter; since the surface is smoother to start with, epithelium may need less
remodeling, which means less time for remodeling. Some other advantages of this
model can be speculated or at least subjected to clinical assessment, namely,
improving the smoothness seems a no risk condition, improvement in short term
outcomes (without compromising long term ones), shorter recovery time to reach final
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Visual Acuity goal, higher levels of final Visual Acuity, shorter reepithelization time,
reduced levels of induced Higher Order Aberrations, and less haze response.

The surface roughness is influenced by the formation of random or almost periodic
holes with a depth of several um. For high quality surface ablation, the formation of
periodic structures and random holes should be avoided. This can be achieved by
optimizing the lattice arrangement. We applied pre-dithering (anticipating errors) in our
methods, but also post-dithering approaches (error diffusion), and other spot
sequences and lattice geometries (radial lattices) may be explored. Furthermore,
repeating the tests with multiple values of the parameters and with multiple laser
systems will provide even more robust evidence for the conclusions.
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5 SUMMARY

This thesis aimed to answer two question researched in a scientific manner.

“Can we quantify and compensate for the influence of environment conditions
on refractive procedures?”

The large scale retrospective cross sectional study presented here, demonstrated a
cyclic winter-summer variation in PMMA ablation using the SCHWIND AMARIS lasers.
The season winter and summer showed statistical significant variations with respect to
the global values for all the tested parameters except the nominal number of laser
pulses for high and low fluence setting. The metric technical performance of the
analyzed systems showed a stronger PMMA ablation performance in summer time
compared to a weaker performance in the winter time, with the maximum seasonal
deviation of 6%. The results were consistently confirmed in seasonal as well as
monthly analyses.

These seasonal variations were further substantiated with the experiments conducted
in the climate chamber, over a wide range of temperature and humidity. Temperature
changes did not affect laser pulse energy, pulse fluence, and ablation efficiency (on
PMMA or porcine corneal tissue) significantly. However, changes in relative humidity
were more critical and significantly affected laser pulse energy, high fluence and low
fluence. For extremely low humidity and high temperatures (30°C with 20%RH, dry and
hot conditions), higher refractive change (106%) was recorded, compared to reduced
efficiency (93%) at low temperatures and high humidity (18°C with 80%RH, cold and
dry conditions). In our results, an opposite trend in performance of PMMA and tissue
was confirmed through two independent analysis methods.

We believe this work does not merely represents a calibration study but a
comprehensive laboratory science from basic source of energy to corneas of porcine
origin as ex Vivo model, including all regular calibration check-ups in the chain. Hence,
its value goes well beyond a simple calibration analysis and provides information on
how outcomes may vary under different environments. This aspect is relevant for the
final users and is not covered by the technical calibration of the systems; and also
renders a direct clinical application related aspect to the study. In summary, the
proposed well-fitting multi-linear model can be utilized for compensation of temperature
and humidity changes on ablation efficiency. The relationship between calibration
materials like PMMA and corneal tissue shall be analyzed cautiously before designing
the calibration routine, in order to obtain optimum outcomes with minimum deviations.

“Can we quantify the influence of post-ablation roughness on vision and
perception, and optimize refractive procedures for a minimum post-operative
roughness?”

The surface quality of the cornea after ablation is important for the clinical outcomes.
Smoother corneal surface after ablation is synonymous to more efficient refractive
correction. Lower levels of roughness in the cornea, will induce less scatter and present
a more regular optical surface to start healing. As the healing process begins with a
more regular optical surface, it potentially improves the optical surface further,
achieving even higher than natural levels of optical quality. Stromal roughness can be
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simply expressed as sequences of stromal peaks and troughs. In the natural healing
process of the cornea, the epithelium would need to fill up the troughs to the level of
the peaks to eliminate roughness and regularize the corneal surface. Thus, for lower
roughness, a lower volume of reepithelization is required. Roughness can be seen as
aberrations of very high orders; the healing process smoothens out this roughness
reducing the aberrations post-operatively.

The development of Smart Pulse Technology was the harbinger for the research group,
to explore these clinical benefits. The research presented here further those efforts.
Despite its limitations, the proposed simple and robust method for quantifying the
influence of post-ablation roughness on vision and perception, can be utilized in
different applications. This method can be applied clinically to different laser platforms
based on their associated roughness for choosing a better treatment plan for the
patient. Furthermore, it can be used for computing realistic image quality metrics for
the patient’s postoperative vision at a relatively low cost. Since normally laser ablation
is an integral process divided on a defined grid, the impact of spatially characterized
noise represents a more realistic simulation condition. This method can help
comparing different refractive laser platforms in terms of their associated roughness in
ablation, indirectly improving the quality of results after Laser vision correction surgery.

We presented here a rigorous simulation model for simulating shot-by-shot ablation
process. From the simulations, a theoretical proper optimum configuration was found
for minimizing the roughness in ablation for defined input parameters. The PMMA
experiments confirmed the theoretical proper optimum settings in real world conditions,
specifically no spot truncation (no pinhole); and using dithering strategies without jitter
helps minimize the roughness in PMMA ablations. The proposed model can be used
for optimization of laser systems used for ablation processes at relatively low cost and
would directly improve the quality of results.

The current popularity of excimer Laser refractive surgery suggests a need for
continued research and refinements to further improve clinical outcomes.’™® A
fundamental limitation of current clinical systems is the lack of real-time feedback
specifically addressing the Laser-tissue interactions as directly related to Laser
ablation rates. Furthermore, defining proper test patterns for the routine check of
ablative systems is not an easy task. There are many different components to be
tested, and a single system test can only show a qualitative overall status of a system,
but, in general, cannot identify the specific sources of error when the PASS criteria are
not met. For that reason, it is necessary to develop a comprehensive test for checking
the overall status, including the spot roundness, scanner symmetry, scanning
amplitude, scanner relative and absolute orientation, spot size and shape, calibration
of centration, calibration of rotational orientation, and calibration of perpendicular
orientation. Simple yet comprehensive set of patterns shall be designed, which are fast
to perform and quick and easy to analyze and calibrate the overall status of a system.

We believe that implying the findings of this work will help reduce the complications
and occurrence of adverse events during and after refractive surgery, improving the
short term and long term postoperative quality of vision, reduce the time of
postoperative recovery, as well as reduce the ratio of retreatments and reoperations.
Any potential risks of the aforementioned methods and results need to be evaluated in
clinical studies before they could be implemented in commercial medical devices.
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