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Abstract: We suggest a general method to determine the optimum laser
parameters for maximizing the ablation efficiency for different materials (in
particular human cornea) at different incidence angles. The model is
comprehensive and incorporates laser beam characteristics and ablative spot
properties. The model further provides a method to convert energy
fluctuations during ablation to equivalent ablation deviations in the cornea.
The proposed model can be used for calibration, verification and validation
purposes of laser systems used for ablation processes at relatively low cost
and would directly improve the quality of results.
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Introduction

The available methods allow for the correction of refractive defects such as myopia [1],
hyperopia [2], or astigmatism [3]. Achieving accurate clinical outcomes and reducing the
likelihood of a retreatment procedure are major goals of refractive surgery. For that,
accurately calibrated lasers with high stability are required. For the surgeons, it is difficult to
adequately compensate the deviations in ablation from the planned ablation in their
nomograms in order to achieve the desired refractive correction. Despite its empirical nature,
some nomogram factors enabled surgeons to plan their treatments with a reasonable degree of
success.

Recently, we have published [4,5], a general method to analyze the ablation rate for
different materials (in particular in the human cornea and poly-methyl-methacrylate
(PMMA)) and its associated findings. The understanding of the underlying processes may in
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both cases help improving systems. It is well known that a successful surgery depends on the
correct design of an ablation profile, precise delivery of laser energy to the corneal position,
and reliable understanding of the corneal tissue response. A large number of factors influence
the laser ablation and outcome. Among them, laser energy delivery technique [6,7], ablation
decentration and registration [8,9], eye tracking [10, 11], flap [12], physical characteristics of
ablation [13-19], wound-healing and biomechanics of the cornea [20-24], have been
explored to predict or explain the clinically observed discrepancy between intended and
actual outcomes. The quantification of influence of these factors is important for providing
the optimal outcome for the refractive surgeries.

The main purpose of this paper is to determine the optimum laser parameters for
maximizing the ablation efficiency. With a flying-spot laser, the resulting ablation profile
must be deconvolved into a series of shot positions, often requiring more than 10,000 shots
for the surgery.

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 [23], is
more accurate than ever. The procedure is nowadays a successful technique, due to its sub-
micrometric precision and the high predictability and repeatability of corneal ablation
accompanied by minimal side effects. The topic “Optimization of the ablation efficiency” is
still worth to be analyzed and considered, because its clinical implications are not yet deeply
explored. The real impact of ablation resolution in laser corneal refractive surgery is still
discussed in a controversial way. The aim of this work is to provide a simple and
understandable theoretical frame explaining a possible method of ablation resolution
optimization.

Materials and methods

The interaction of 193 nm excimer laser radiation and corneal tissue is a complex process,
involving both ultraviolet photochemistry and rapid thermal decomposition [25]. 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.

At the laser-cornea-interaction, the laser beam incidents and splits into a
propagated/absorbed beam inside the cornea and a reflected beam.

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 time length of
the pulses is very short compared to the time period between the pulses. Although the pulses
contain little energy, given the small size of the beams, energy density can be high for this
reason; and given the short pulse duration, the peak power provided can be high.

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 duration to maximize peak
power and minimize thermal conductivity to the adjacent tissue (ArF excimer based 1<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. In excimer laser refractive surgery, this energy
density must exceed 40-50 mJ/cm® 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.

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. A higher spot profile gives a higher ablation volume
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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.
Several metrics interesting for optimization of the ablation rate can be defined:

Calculation of the ablation depth per laser pulse
The depth of ablation impact for non-normal incidence can be calculated as [26],

dszllnLI‘)'mng )

a I

where ds is the depth of a single spot, |, is the peak radiant exposure (at the axis of the laser
beam), Iy, is the ablation threshold for radiant exposure for the irradiated tissue or material
below which no ablation occurs, 6 is the angle of incidence, and a the absorption coefficient
of the irradiated tissue or material.

Calculation of the spot diameter

The spot diameter of ablation impact for non-normal incidence can be calculated as [26],

1

o Io-coseJ 2N

Fp=2Ro [ I
coséd 2

@)

where R; is the beam size when the radiant exposure falls to 1/e? its peak value, N is the
super-gaussian order of the beam profile (where N = 1 represents a simple Gaussian beam
profile, and N = co represents a flat-top beam profile), and FP (foot-print) is the diameter of a
single spot.

Calculation of the spot area

The spot area of ablation impact for non-normal incidence can be calculated as:

1

| I l,-cos@ ) [*N
R n o -In S
As_ﬂ- 0 Th Th (3)

 cosd 4

where Ag is the ablated area of a single spot.
Calculation of the ablation volume per laser pulse

The volume of ablation impact for non-normal incidence can be calculated as [26],
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where Vs is the volume of a single spot.

For human corneal tissue irradiated with nanosecond pulses at 193nm, the ablation
threshold takes values of about 40-50 mJ/cm? [27,28], and the absorption coefficient is about
3.33-3.99 um™ [27,28], although Fisher and Hahn [29], described a global ablation model
that incorporates a dynamically changing tissue absorption coefficient and that substantially
deviates from a static Beer-Lambert model. We chose values of 46.5 mJ/cm? for the ablation
threshold, 0.5 mm radius for beam size and 3.485 um™ as absorption coefficient of the human
corneal tissue. We chose a value of 2 for the super-gaussian order of the beam profile, unless
otherwise stated. These are the typical values for 193nm excimer laser. For other wavelengths
in use (namely 206nm and 213nm), the presented results would not vary much as the ablation
threshold for these wavelengths is very similar to the value we use.

Relationship between pulse energy and radiant exposure

For a super-Gaussian profile, the following equation applies for the radiant exposure [5],

1

_ ZN N- EPulse (5)

IO_—l
ﬂ-Rg-F(j
N

where Epyse IS total energy of the laser pulse and I' is the gamma function (the general

factorial function for non-integer arguments, I'(x) = J':tz‘l -e7t.dt).

Metrics for ablation efficiency
Metrics for ablation efficiency can be in general defined as:
ValuableMetric

AblationEfficiency = E (6)
Pulse

Metric

where the metric is the value considered for optimization and the valuable metric one of the
measures previously defined.

Optimization involves minimizing the pulse energy incident on a single spot in order to
minimize the thermal effects on the tissue as well as the effects on the neighboring laser
spots, while maintaining the delicate balance between thermal effects and the resolution of the
treatment. The pulse energy is directly related to the peak radiant exposure.

Optimization process

Since |y is linear with Epyise (AS per Eq. (5)), we can optimize this metric for I

oMetric

AblationEfficiency =0 7

. %
The value of |, calculated from this expression is the optimum fluence for the considered

metric.
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Determination of the fluctuations in corneal ablation from the fluctuations observed in the
laser energy output

Since Iy is linear with Epy, the deviations in corneal ablation from the fluctuations observed
in the laser energy output (AEnergy) can be equated as:

AValuableMetric = AEnergyw (8)
0

Results
Optimum ablation depth per laser pulse
The optimum spot depth at non-normal incidence can be calculated from Eq. (1):

IO,Optimum = CO;hH € (9)
1
ds = o (10)

Here the term 1o i0um
computes 126 mJ/cm?.

represents the optimum fluence. The optimum fluence for spot depth

Optimum spot diameter

The optimum spot diameter at non-normal incidence can be calculated from Eq. (2):

1

|
IO,Optimum = CO;hHeZ'N (11)
1
rp= 2R (_1 ) (12)
cos@\ 4-N

The optimum fluence for spot size depends also on the supergaussian order, and for
normal incidence computes 77 mJ/cm?® for simple gaussian profiles and Iy, for flat-top
profiles. Considering N = 2 as normal beam profiles (“slightly saturated Gaussian”, a typical
shape for excimer lasers), the optimum fluence for spot size computes to be 60 mJ/cm?.

Optimum spot area

The optimum spot area at non-normal incidence can be calculated from Eq. (3):

1

| =
IO,Optimum = CO;hQ eN (13)
1
p-ZR 5] (14)
cos@d \ 2-N

The optimum fluence for spot area depends also on the supergaussian order, and for
normal incidence computes 126 mJ/cm? for simple gaussian profiles and Iy, for flat-top
profiles. Considering N = 2 as normal beam profiles, the optimum fluence for spot area
computes 77 md/cm?.

Optimum ablation volume per laser pulse

The optimum spot volume at non-normal incidence can be calculated from Eq. (4):
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2N .a
The optimum fluence for spot volume depends also on the supergaussian order, and for
normal incidence computes 344 mJ/cm? for simple gaussian profiles and 126 mJ/cm? for flat-
top profiles. Considering N = 2 as normal beam profiles, the optimum fluence for spot
volume computes 208 mJ/cm?.

Table 1. Calculated Optimized Values for Different Metrics using Typical Specifications
and Normal Incidence

Metric Spot Depth Spot Diameter Spot Area Spot Volume
Optimum fluence 126 mJ/cm? 60 mJ/cm? 77 mJ/icm? 208 mJ/cm?
Value for Metric 287 nm 595 um 0.393 mm? 195 pl
Value for Metric/ 2.27013 9.9586 0.00512 0.93653
Optimum fluence nm/(mJ/cm?) um/(md/cm?) mm?/(mJ/cm?) pl/(mJ/cm?)

Pulse Energy 0.622 mJ 0.294 mJ 0.377 mJ 1.026 mJ

The optimized values are calculated for the following typical specifications:

Rq, the beam radius when the radiant exposure falls to 1/e? its peak value = 0.5 mm

N, super-Gaussian order of the beam profile = 2

Iy, the ablation threshold for radiant exposure for the irradiated tissue (Human Cornea) = 46.5 mJ/cm?
a, the absorption coefficient of the irradiated tissue (Human Cornea) = 3.485 pm™

Table 1 represents the optimized value for each metric (value to achieve optimum
fluence), obtained using the above equations and under the typical condition described in the
methods for normal beam profiles. In table and figures, the value of the super-gaussian order
of the beam profile, N = 2 if not stated otherwise.

Figures 1(a) and 1(b) represents the behavior of each metric with respect to a series of
randomly chosen values of radiant exposures. The optimum for each metric corresponds to
the values in Table 1. Figures 2(a) and 2(b) represents the optimum fluence for each metric at
non-normal incidence. In Fig. 2(b) the 4 mm radial distance represents a typical value of
ablation zone (8 mm diameter).
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Fig. 1. a. The progression of each metric with the increasing radiant exposure. At threshold
fluence, all metrics collapse to zero, they all achieve saturation after the threshold fluence with
different rate. The metric spot diameter becomes saturated faster compared to other metrics.
The other metrics achieve saturation at higher radiant exposures. b. The figure represents how
different metrics per radiant exposure behave with respect to the radiant exposure. The
optimum for each metric is clearly represented with a peak in the curve. This optimum value is
in accordance with Table 1. The metric spot volume has the highest optimum fluence value.
Before the optimum fluence, the metric value increases (representing increasing ablation
efficiency). Beyond the optimum value the metric value starts to decline (representing
reducing ablation efficiency). The rate of increment in efficiency below optimum is observed
to be higher compared to the rate of decrement in efficiency beyond optimum.
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Fig. 2. a. The increase in optimum fluence with the increasing radial distance for a typical
radius of curvature (7.81 mm). The increase at the periphery of the cornea can be explained by
the changing incidence angle. With the loss of efficiency due to non-normal incidence at the
periphery, the optimum fluence value increases for all the metrics. b. The progression of
optimum fluence for varying radius of curvature at a radial distance of 4 mm from the center of
the cornea. For lesser radii of curvature (steeper corneas) the optimum fluence is higher
compared to higher radii of curvature (flatter corneas). The optimum value collapses to normal
incidence for all the metrics for a flat surface (radius of curvature = ).

From the fluctuations observed in energy delivery, the deviations in corneal ablation can
be estimated. This effect is shown in Fig. 3.

For a given energy fluctuation, as the radiant exposure increases, the relative ablation
deviation decreases. The ablation deviation is the corresponding relative change in the metric
value in percentage. This is calculated at random values of radiant exposure. For radiant
exposures beyond optimum fluence, ablation deviations are smaller than energy fluctuations.
We calculated the ablation deviation for different metrics for a deviation of —20% in the laser
beam energy with respect to the radiant exposure. The effects of the energy fluctuation were
observed more at lower radiant exposures. As we approached the optimum fluence for the
corresponding metric, the effect of energy fluctuations reduced. For instance, at 450 mJ/cm?,
the effects of —20% energy deviation range between —2% (for spot diameter) to —14% (for
spot volume).
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Fig. 3. For a given energy fluctuation (~20% in the figure as reference), as the radiant exposure
increases, the relative ablation deviation decreases. For all metrics at optimum fluence (as per
Table 1) relative ablation deviation equals relative energy deviation. For radiant exposures
beyond optimum fluence, ablation deviations are smaller than energy fluctuations (Relative
ablation deviation < —20% which is the reference energy deviation). For radiant exposures
lesser than optimum fluence, ablation deviations are larger than energy fluctuations (increasing
slope as the radiant exposure is reduced below optimum fluence). The metric spot volume
shows the most sensitive behavior for radiant exposures below optimum fluence. For all
metrics, the effect of energy deviation in ablation accounts for —100% (no ablation) close to
the threshold. This implies that working at a radiant exposure above and beyond the optimum
value can reduce the effects of energy fluctuations on the outcomes by reducing the ablation
deviations.
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Discussion

This study provides analytical expressions for calculation of some optimum ablation
parameters for maximizing ablation efficiency and for determination of the fluctuations in
corneal ablation from the fluctuations observed in energy delivery. The model directly
considers laser beam characteristics and ablative spot properties. Separate analysis of the
effect of each parameter was performed.

Several metrics relevant to laser refractive surgery have been proposed and optimized
(spot depth, spot diameter, spot area, spot volume). In a sense, these are the metrics
characterizing the resolution of the system.

At the core of our calculation is the empirical logarithmic relationship between fluence
(energy/area) and ablation rate suggested by Seiler and associates [30,31].

The ablation rate depends on the applied radiant exposure and the super-gaussian order of
the beam profile, whereas the deviations in corneal ablation further depend on the fluctuations
observed in energy delivery.

Interestingly, none of the fluences optimizing the different metrics depend on the spot,
beam sizes or the absorption coefficient of the material.

Maintaining peak radiant exposure constant, as the super-gaussian order of the beam
increases, so does the energy per pulse. (Eq. (5) allows computing I, as a function of N for a
constant pulse E).

Radiant exposure plays the most important role in the determination of ablation rates. The
range for radiant exposures of the excimer laser systems for refractive surgery available in the
market runs from about 90 mJ/cm? to about 500 mJ/cm? Super-gaussian order of the beam
energy profile runs from 1 (simple gaussian profile) to « (representing a flat-top beam
profile). Since the super-gaussian order of the beam is not always known, the values for
simple gaussian and flat-top profiles can be considered as the upper and lower bounds of the
optimization.

Modifying the super Gaussian profile by increasing the exponent N to infinite results in a
“top hat” profile with the same constant radiant exposure over the entire spot diameter.
Consequently, one has to increase the single pulse energy to achieve such a change in the
beam profile and, as a result, one can observe a higher ablation volume for each single pulse.
From our analysis, we observe that for the metrics for which the super Gaussian order of the
beam is relevant, for a higher value of N the optimum fluence gets lower.

From the fluctuations observed in energy delivery, the deviations in corneal ablation can
be estimated. For a given energy fluctuation, as the radiant exposure increases, the relative
ablation deviation decreases. Beyond the optimum fluence, the effect of energy fluctuations
on ablation deviations is lesser compared to radiant exposures below optimum.

There is another way of interpreting optimum efficiency in terms of rate of change as
shown in Fig. 3 for the metric spot volume. The rate of change of the selected metric with
respect to the radiant exposure can be compared with metric value per radiant exposure. At
the optimum fluence for a given metric, the rate of change vs. radiant exposure equals unity
(so relative energy fluctuations correspond 1:1 to relative ablation deviations). This can be
explained with the effect of energy fluctuations on different metrics with respect to the radiant
exposure (Fig. 3). Below optimum, relative energy fluctuations are “amplified” in larger
relative ablation deviations (i. e. investing a bit more energy, drastically increases ablation
rate). Beyond optimum, relative energy fluctuations are “attenuated” in smaller relative
ablation deviations (i. e. to slightly increase ablation rate, much more energy shall be
invested). Additionally, the rate of increment in efficiency below optimum is observed to be
higher compared to the rate of decrement in efficiency beyond optimum. (Fig. 1(a) and 1(b)).
In Fig. 3, for explanatory purposes, the energy fluctuation was set at —20% level, this does not
correspond to a realistic value, but it helps to understand the key concept of amplifying versus
attenuating the energy fluctuation.
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We have shown that the relative energy fluctuations do not correspond one-to-one with
the impact in deviations in corneal ablation. For a gaussian beam of 160 mJ/cm? nominal
radiant exposure, a severe energy overshoot of + 50% corresponds to an “amplified”
overcorrection of + 75% on corneal tissue, whereas for 500 mJ/cm? nominal radiant exposure,
it corresponds to an “attenuated” overcorrection of + 35% on corneal tissue. As well, the
values for simple Gaussian and flat-top profiles can be considered as the lower and upper
bounds of the corneal relative deviation.

For the selected valuable metric to be optimized (typically spot volume) the final
determined value shall be equal or higher than the theoretical optimum (in order to get the
very high ablation efficiency for this energy, but attenuated relative deviations). Similarly, if
one considers the effect of non-normal incidence, we advocate using the maximum value of
the chosen metric, such that it covers the effect of non-normal incidence at sufficient radial
distances from the center as well as sufficient radius of curvature for different patients.

The calculation of the final optimum fluence depends mainly on two factors. First, the
total number and kind of metrics being considered for optimization of the ablation efficiency
and second the energy fluctuations of the system. Therefore, the final radiant exposure can be
calculated in two steps in order to account for the aforementioned factors. In the first step the
optimum fluence for the considered metric is calculated. In case one considers multiple
metrics the optimum fluence highest amongst the considered metrics should be chosen. This
fluence value covers the other considered metrics indirectly. In the second step the calculated
optimum fluence can be added with a factor that accounts for the fluctuations in energy (as
calculated with Eq. (8)). Adding this factor shall provide additional stability from the energy
fluctuations of the system. For excimer laser systems, energy deviation typically lies between
+ 3% to £ 5% Root-Mean-Square (RMS). Considering the RMS as one standard deviation,
we arrive at = 8% energy deviation for a typical excimer laser system. Hence, we propose to
add + 8% to the analytically calculated optimum fluence. This factor will ensure that the
fluence level will remain above the optimum even if energy instability is introduced because
of the system itself.

We consider spot volume as most valuable metric for two reasons, one to reduce the
amount of energy delivered for the total ablation volume and second since it requires the
highest optimum (Fig. 1(b)) so all other metrics even without being considered directly, are
already in the stable regions. The ablation resolution is also made more stable for the
optimum criteria as the beam size saturates quickly after optimum. Furthermore, the radiant
exposure optimized for the spot volume shall reduce the thermal effects induced in the tissue.
The thermal load from a laser pulse is directly proportional to the radiant exposure (Eq. (17))
and hence to the pulse energy (Eqg. (5)). Minimizing the amount of energy delivered for the
total ablation volume means minimizing the total thermal load.

(04
AT p-cIO'(l R) @an
where, AT represents thermal load occurring at the end of the laser pulse, a is the absorption
coefficient of the tissue, p is the density of the tissue, c is the specific heat and R is the
reflectivity of the tissue, 1o represents the radiant exposure on the tissue.

For example, from Fig. 2(a) and 2(b) we can choose an optimum fluence of ~250 mJ/cm?.
This value shall cover all the presented metrics as well as the effect of non-normal incidence
up to the radial distance of 4 mm (from the center of the cornea) and a range of patients with
radius of curvature of 7.2 mm and beyond.

This model can be easily generalized to any material for which the absorption coefficient
and the ablation threshold for the specific wavelength and laser characteristics are known.

The model described here provides analytical expressions for optimizing several valuable
metric, based upon comprehensive parameters. The proposed model provides results
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consistent to those observed in the literature [32]. Additionally, it offers an analytical
expression including some parameters that were ignored (or at least not directly addressed) in
previous analytical approaches. This model may complement previous analytical approaches
to the efficiency problem and may sustain the observations reported by others.

Adding another dimension to the results presented here is the criteria, repetition rate. The
repetition rate of the laser can also be optimized for all the metrics mentioned above. The
radiant exposure is linearly related to the single pulse energy. (From Eq. (5)). The pulse
energy is a function of the average power and the repetition rate of the laser. Typically with
an increase in the repetition rate, a decrease in single pulse energy is observed. If an exact
relation between the single pulse energy and repetition rate is known, all the metrics can be
optimized for repetition rate with a similar method [33].

Even though a large number of detailed parameters are considered, this model is still
characterized by a relatively low degree of complexity.

Huang et al. [34], investigated the effect of laser spot size on the outcome of aberration
correction with scanning laser corneal ablation using numerical simulation of ablation
outcome of correction of wavefront aberrations of Zernike modes from second to eighth
order. They modeled Gaussian and top-hat beams from 0.6 to 2.0-mm full-width-half-
maximum diameters and evaluated the fractional correction and secondary aberration
(distortion), and used a distortion/correction ratio of less than 0.5 as a cutoff for adequate
performance. They found that a 2 mm or smaller beam is adequate for spherocylindrical
correction (Zernike second order), a 1 mm or smaller beam is adequate for correction of up to
fourth order Zernike modes, and a 0.6 mm or smaller beam is adequate for correction of up to
sixth order Zernike modes.

Guirao et al. [35], calculated that the success of a customized laser surgery attempting to
correct higher order aberrations depends on using a laser beam that is small enough to
produce fine ablation profiles needed to correct higher order aberrations. Simulating more
than 100 theoretical customized ablations performed with beams of 0.5, 1.0, 1.5, and 2.0 mm
in diameter, they calculated the residual aberrations remaining in the eye and estimated the
modulation transfer function (MTF) from the residual aberrations. They found that the laser
beam acts like a spatial filter, smoothing the finest features in the ablation profile and that the
quality of the correction declines steadily when the beam size increases. A beam of 2 mm was
capable of correcting defocus and astigmatism. Beam diameters of 1 mm or less may
effectively correct aberrations up to fifth order.

Petit [36], claimed that the LADARVision system using a small fixed diameter excimer
laser beam providing a consistent ablation per pulse, is able to ablate complex (higher order)
corneal shapes accurately. He also explored the optimum ablation depth per laser pulse to
optimize the ablation efficiency [32]. Our work takes this idea forward by including other
important criteria for optimization. These additions specify the optimized laser characteristics
in a more holistic manner.

As demonstrated by Pedder et al. [37], and Jiménez et al. [38], the incorporation of
models taking into account the angular dependence of laser-ablation rates as well as the effect
of plume absorption, can be important in efforts to improve the ablation algorithms used in
refractive surgery. The high accuracy of determination of stroma plume absorption
coefficients and the incorporation of this information in laser-ablation equations can improve
the prediction of postsurgical corneal shape. More accurate values for postsurgical radius and
asphericity could be achieved and thereby enhance emmetropization and correction of eye
aberrations in refractive surgery. However, in some systems, the effect of the ablation plume
could be not so significant since a debris removal system is incorporated [39].

Clinical evaluations on human eyes are needed to confirm the preliminary simulated
results presented herein. Accurate knowledge for the absorption coefficient of the human
cornea is imperative in validating the presented results.
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Conclusions

The model introduced in this study provides an analytical expression for optimizing ablation
parameters. The model incorporates several factors that were ignored in previous analytical
models. Furthermore, due to its analytical approach, it is valid for different laser devices used
in refractive surgery, as well as for any materials for which the coefficients and the ablation
characteristics for the specific laser system are known.

The development of more accurate models to improve emmetropization and the correction
of ocular aberrations is an important issue. We hope that this model will be an interesting and
useful contribution to refractive surgery and will take us one-step closer to this goal.
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