
Aus dem Insitut für Experimentelle Ophthalmologie
der Medizinische Fakultät

der Universität des Saarlandes, Homburg (Saar)
Direktor: Prof. Dr. Achim Langenbucher

Simulation Study of the Visual Errors for

Individualized Phakic and Pseudophakic eyes

Dissertation zur Erlangung des Grades eines Doktors
der Naturwissenschaften

der Medizinischen Fakultät
der Universität des Saarlandes

2024

vorgelegt von

Pooria Omidi
geboren am 19. Juni 1993 in Teheran



Tag der mündlichen Prüfung: 09. Mai 2025
Dekan: Prof. Dr. Michael Menger

Institut für Klinisch-Experimentelle Chirurgie

Berichterstatter: Prof. Dr. Achim Langenbucher
Institut für Experimentelle Ophthalmologie

Prof. Dr. Frank Schmitz
Institut für Anatomie und Zellbiologie



Contents

Contents

1 Summary 1

2 Motivation 7

3 Background 9
3.1 Basic structure of the eye . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.1.1 Cornea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.1.2 Iris/Pupil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.1.3 Crystalline lens . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1.4 Retina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1.5 Ocular axes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2 Refractive disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2.1 Astigmatism . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2.2 Myopia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2.3 Hyperopia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.4 Presbyopia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.5 Keratoconus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.6 Cataract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.3 Ophthalmic lenses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3.1 Spectacles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3.2 Contact lenses . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.3 Intraocular lenses . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.4 Ophthalmic devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4.1 Axial eye length measurement . . . . . . . . . . . . . . . . . . . 30
3.4.2 Corneal measurements . . . . . . . . . . . . . . . . . . . . . . . 31
3.4.3 Optical coherence tomography . . . . . . . . . . . . . . . . . . 32
3.4.4 Wavefront aberrometry . . . . . . . . . . . . . . . . . . . . . . 34

3.5 Eye simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.5.1 Schematic eye models . . . . . . . . . . . . . . . . . . . . . . . 36
3.5.2 Liou–Brennan eye . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.5.3 Ray tracing procedure . . . . . . . . . . . . . . . . . . . . . . . 37

3.6 State of research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.6.1 Lateral position of the intraocular lens . . . . . . . . . . . . . . 43

II



Contents

3.6.2 Individualized corneal surface geometry . . . . . . . . . . . . . 44
3.6.3 Postoperative photic effects . . . . . . . . . . . . . . . . . . . . 45

4 Peer Reviewed Papers 47
4.1 Paper 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 Paper 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3 Paper 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.4 Paper 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5 Discussion 91
5.1 Limitations of our study . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.2 Conclusions and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Bibliography 101

6 Publications 109

7 Abbreviations and Mathematical Symbols 111

8 Acknowledgments 113

9 Curriculum Vitae 115

10 Appendix 117
10.1 MATLAB Code: CASIA 2 Import Function . . . . . . . . . . . . . . . 117
10.2 MATLAB Code: Zernike Fitting Function . . . . . . . . . . . . . . . . 121

III



1 Summary

1 Summary

Purpose

The primary aim of this study is to conduct an exhaustive and scientifically rigorous
analysis of visual errors in both individualized phakic and pseudophakic eyes. By
scrutinizing the specific visual errors that manifest in these distinct ocular conditions,
our research seeks to advance our comprehension of the intricate factors influencing
visual acuity and quality. This investigation holds the promise of providing invaluable
insights into the design and refinement of corrective procedures for individuals with
phakic and pseudophakic eyes, ultimately enhancing their overall visual outcomes and
quality of life.
At the core of our scientific inquiry lies the objective of enhancing our understanding of
the multitude of optical phenomena and visual disturbances associated with cataract
surgery and corneal surface modeling. This ambitious goal will be achieved through
the development and application of advanced ray tracing models, meticulously tailored
to assess the repercussions of intraocular lens (IOL) misalignment on the optical
performance of post-cataract surgery eyes. Our focus encompasses the exploration
of how lens decentration and tilt impact aberrations such as coma, astigmatism,
and defocus. Additionally, we aspire to determine the precise number of Zernike
coefficients necessary for an accurate representation of corneal surface geometry, all
while rigorously evaluating the fitting quality of models derived from these coefficients.
Furthermore, our research endeavors extend to the simulation and evaluation of the
photic effects observed after cataract surgery across various regions of the retinal
surface. This comprehensive examination aims to quantify the relative intensity of
these effects, providing invaluable insights into the nature and magnitude of associated
visual disturbances. Such a multifaceted and thorough scientific approach is poised to
make substantial contributions to the field of ophthalmological research, potentially
ushering in an era of improved surgical outcomes and an overall heightened quality of
life for patients grappling with these conditions.

1



1 Summary

Methods

In this study, we employed ray tracing simulations, corneal surface decomposition to
comprehensively investigate the optical performance of the eye. The methods employed
in these two distinct aspects of our research are detailed below:

Ray Tracing Simulations:

In order to simulate the lens misalignments, ray tracing was carried out using the
Liou-Brennan schematic model of the eye. The lens was horizontally dislocated and
tilted relative to the eye’s vertical axis. Our investigation covered a dislocation range
from -1 mm to 1 mm in increments of 0.2 mm and a tilt range from -10° to 10° in steps
of 0.2°. This resulted in a total of 121 combinations of tilt and decentration, which
were simulated to assess their impact on the optical performance of the eye. For each
configuration, we calculated defocus, astigmatism (in 0/180°), and horizontal coma by
analyzing the wavefront error at the image plane. These simulations were conducted
for both phakic and pseudophakic eye models, and the results were recorded for a fixed
pupil size of 4 mm.
We have also used the same model eye to simulate postoperative photic effects. This
time, our model incorporated implanted intraocular lenses (IOLs) with power values of
21 diopters (dpt) and optic diameters of 6 mm and 7 mm. Our analysis encompassed
variations in the incident ray angle from 0° to 90° temporally, with increments of
1°. To evaluate the relative intensity of photic effects, we positioned four different
detectors within specific regions of the eye during these simulations. These detectors
were situated at the pupil, the retina (foveal region), the edge surface of the IOLs,
and the periphery of the nasal side of the retina. Additionally, the simulations were
repeated with different designs of the IOLs’ edge surfaces. This variation in optical
properties allowed us to discern the causes of the observed photic effects. For the
ray tracing simulations, we employed the ZEMAX ray tracing software (Version 19.8,
Washington, USA), using sequential and non-sequential ray tracing modes and an
extended light source with a 6 mm diameter.

Corneal Surface Decomposition:

In our comprehensive study, we embarked on an in-depth analysis of clinical records
obtained from a cohort of 30 patients who were admitted to the esteemed Saarland
University Clinical Centre in Homburg, Germany. The cornerstone of our investigation
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revolved around the utilization of a cutting-edge 3D swept-source OCT system known
as CASIA2, developed by TOMEY Inc. in Nagoya, Japan. This state-of-the-art
technology enabled us to meticulously assess corneal topography with precision and
detail. To ensure the robustness and representativeness of our study, our sample was
thoughtfully divided into two distinct primary groups. The first group was composed
of 15 healthy, normal volunteers whose eyes served as the baseline for our analysis. In
stark contrast, the second group encompassed 15 patients at various stages of the Belin
Ambrosio keratoconus severity classification, offering us a comprehensive spectrum of
corneal conditions to examine.
Within the treasure trove of data at our disposal were height maps meticulously
extracted from both the anterior and posterior corneal surfaces, strategically limited
to the central 8 mm zone. Importantly, these measurements were derived from native
corneas with no history of prior eye surgery, ensuring the purity of our dataset. The
process of deriving meaningful insights from this wealth of data involved a rigorous
computational approach. We employed normalized Zernike functions to meticulously
analyze the corneal height maps, utilizing the least squares regression technique.
This method allowed us to iteratively refine our analysis, progressively increasing
the number of polynomials until we achieved an optimal fit for the dataset. The
volume of variations in the fit error value served as our guiding light in selecting the
appropriate radial degree for the Zernike functions. Notably, all these complex data
selection and analysis procedures were conducted with precision and expertise using
the versatile MATLAB R2019b software, ensuring the highest level of accuracy and
reliability in our findings. Our study aimed not only to shed light on the intricacies
of corneal topography but also to exemplify the meticulous methodology and cutting-
edge technologies that define modern ophthalmic research.
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Results

Similar to the methods section, the results are categorized into two distinct aspects of
our research, which are detailed below:

Ray Tracing Simulations:

The simulation revealed significant optical characteristics for phakic and pseudophakic
eyes when the lens was positioned according to the Liou-Brennan schematic model eye.
Specifically, we observed a defocus of 0.026 dpt/-0.001 dpt, astigmatism of -0.045 dpt/-
0.018 dpt, and a coma of -0.015 m/0.047 m. Notably, the maximum values for defocus,
astigmatism, and coma were recorded at 1.0 mm of horizontal decentration and 10°
of vertical axis tilt, reaching 1.547 dpt/2.982 dpt for defocus, 0.971 dpt/1.871 dpt for
astigmatism, and 0.441 m/1.209 m for coma.
In addition to these findings, our research also delved into the effects of incident ray
angles on light distribution in the eye. We observed variations in light shape and
intensity at different detectors located on the fovea, the nasal side of the retina, and
the edge surface of the IOLs. Notably, specific incident angles of 77.5° (6 mm IOL) and
78.2° (7 mm IOL) resulted in light being detected in the foveal region. Furthermore,
altering the IOLs’ edge surface design to incorporate fully reflective, anti-reflective,
and scattering surfaces allowed for shifts in the light intensity and shape on various
detectors. It’s worth noting that the absorbing edge design resulted in negligible
intensity at most detectors for incident ray angles exceeding 5°.

Corneal Surface Decomposition:

The results demonstrated that fitting more Zernike polynomials to the corneal height
data up to a certain point reduces the fit error. After that certain point, the fit error
value does not significantly change as more fitted Zernike terms are added, and the
slope of the changes progressively approaches zero. Another observed result is that
there is more error fluctuation in the topographic shape and the fit error value of the
posterior surface is higher in comparison to the anterior surface of the cornea. By
statistical evaluation of the series of normal and keratoconus patients, it seems that
there is a correlation between the radial degrees required for modelling the anterior
and posterior surfaces and the stage of the disease.
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Conclusion

In this comprehensive study, we explored the intricate relationship between intraocular
lens (IOL) decentration and tilt, and their consequential effects on defocus, astigmatism,
and horizontal coma aberrations. These findings are of paramount importance for
clinical practice, particularly in cases where artificial lens implants deviate from the
ideal centration and alignment, or in instances where post-cataract surgery astigmatism
cannot be fully corrected through corneal topography and keratometric readings alone.

Furthermore, our detailed analysis of the empirical data reveals a compelling insight
into the behavior of corneal surfaces reconstructed using finite Zernike polynomials.
Significantly, the central region of these corneal surfaces exhibits a high degree of
fidelity to the original raw surface profile, indicating a radially dependent pattern
in the quality of polynomial fitting. This observation underscores the necessity for
employing higher-order Zernike polynomials when fitting corneas compromised by
pathological conditions such as corneal ectasia, as opposed to normal, healthy corneas.
The enhanced polynomial fitting facilitates a more precise representation of the corneal
surface, critical for accurate diagnosis and treatment planning.

Additionally, our investigation into the photic phenomena associated with intraocular
lenses (IOLs) featuring light-absorbing properties and thin edge designs presents a
reassuring discovery. It was observed that the majority of disruptive photic effects,
resulting from light transmission through the interspace between the IOL and the pupil,
are predominantly concentrated outside the foveal region. This is a critical finding,
as it suggests that such photic effects are unlikely to significantly impair visual acuity
or cause substantial disturbances to patients, given their occurrence in the peripheral
retinal areas far from the central fovea.

In summary, our research not only elucidates the complexities associated with IOL
behavior and its optical implications but also provides valuable insights for clinical
practitioners, ophthalmic surgeons, and lens designers.
Moreover, these findings contribute to a more profound understanding of corneal
aberrations and the necessity for advanced mathematical models in corneal surface
reconstruction. Collectively, this body of work advances our knowledge of optical
phenomena and their practical applications in ophthalmology, thereby enhancing the
quality of patient care and the precision of corrective lens technologies.
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2 Motivation

For over two decades, analytical formulas rooted in Gaussian optics have been the
conventional method for determining intraocular lens (IOL) refractive power and
positioning during cataract surgery. These formulas gained popularity due to their
simplicity and widespread acceptance, yielding satisfactory clinical outcomes globally.
Since the 1990s, wavefront analysis has also been employed in ophthalmology to
assess high-order aberrations in the human eye postoperatively. Unlike low-order
aberrations, such as spherical aberration, high-order optical aberrations cannot be
accurately replicated by spherical surfaces, which are the basis of analytical formulas.
Consequently, calculations based solely on spherical approximations do not provide a
fully personalized description of the eye.

Advancements in ophthalmic equipment have now made it feasible to characterize
human corneal surface profiles. Corneal tomography allows for the measurement
of anterior and posterior corneal surface heights at a micron scale. These detailed
measurements enable the characterization of high-order components within the cornea
that were previously inaccessible.

Despite these technological strides, certain photic effects in both natural (phakic) and
surgically altered (pseudophakic) eyes remain challenging to measure experimentally.
Therefore, ray tracing simulations have become essential tools for studying these
phenomena. Ray tracing, a longstanding technique in optical design, involves complex
calculations based on Snell’s law to accurately predict light refraction. In contrast
to Gaussian optics, ray tracing excels in non-paraxial scenarios, offering more precise
results. While not yet standardized, the combination of corneal surface profile data
and ray tracing methodologies allows for the simulation of fully personalized models
that encompass wavefront errors and visual artifacts specific to individual eyes.

In summary, while Gaussian optics have historically guided IOL power calculations,
recent advancements in ray tracing simulations, wavefront analysis and tomography are
revolutionizing ophthalmic practices. These innovations enable a deeper understanding
and more personalized approach to correcting visual aberrations, thereby enhancing
clinical outcomes and patient satisfaction in ophthalmology.
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3 Background

This chapter examines the human eye’s optical system and the correction of its defects
using Intraocular lenses (IOL). The chapter will focus primarily on the eye’s optical
characteristics. This representation does not aim to explore the biology or medical
aspects of the eye.

3.1 Basic structure of the eye

The eye is a sensory organ. Although it is small in size, the eye arguably provides
us with the most important of the five senses (vision). It collects light from the
visible world around us and converts it into nerve impulses. The optic nerve transmits
these signals to the brain, which forms an image thereby providing sight. From the
optical point of view, the human eye is made up of different components. The main
components of the human eyes are two globe-shaped structures called eyeballs, which
are encircled by bony sockets in the skull called orbits. The eyeball contains all of
the components of the human eye. These components must be transparent and have
the appropriate surface profiles and refractive indices in order to provide high-quality
retinal images.

3.1.1 Cornea

The majority of the refracting power is provided by the cornea. In an unaccommodated
eye, the cornea contributes about 70% of the total power. The cornea can be divided
into several layers. From the reflected light it can be seen that the front surface of
the cornea is smooth and glossy. From the outside to the inner, the corneal layers
are the epithelium, Bowman’s membrane, the stroma, Descemet’s membrane, and
endothelium. Each corneal layer has its specific refractive index. The Stroma is the
thickest layer, and its refractive index dominates. A compound value of the corneal
refractive index of 1.376 is considered. Besides these layers, the cornea is wetted by
the tear film, which covers it with a lipid film. In every blink, the tear film is evenly
distributed through the eyelids with a thickness of approximately 4-7 µm. This keeps
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the surface smooth and of good optical quality.
The cornea is about 0.5 mm thick in the center. Due to the small proportion of the
posterior surface of the cornea in the total refractive power of the eye, the corneal
refractive power is often estimated based on only the anterior corneal surface [1]. In
order to still obtain the same total refractive index of the cornea, a constant ratio
between the radii of curvature of the front and back surfaces of the cornea is assumed
and the refractive index of the cornea is estimated using a fictitious refractive index
based on the front surface curvature. The estimated refractive index is called the
keratometry value.
The refractive index of the cornea varies slightly with different eye models. In the
Gullstrand-LeGrand model, the refractive index of the cornea is 1.3771. In the Liou-
Brennan model, the refractive index is 1.376. For industrial instruments like the IOL
master, the refractive index of the cornea is set to be 1.332.
In general, a sphere can roughly represent the corneal surface. The cornea gradually
flattens from the center to the periphery. The cornea can usually be defined by its
asphericity and radii of curvature. On average, the cornea has a positive spherical
aberration, which can be partially compensated for by the young natural lens.
The anterior corneal radius is around 7.8 mm, and asphericity varies in different
studies [2]. Researchers also investigate the posterior corneal surface and report the
radius around 6.4 mm [3, 4, 5].

3.1.2 Iris/Pupil

The iris is situated at an approximate distance of 3 millimeters posterior to the cornea.
From an optical perspective, the central black circular aperture, known as the pupil,
is positioned posterior to the cornea and anterior to the crystalline lens. The iris
determines the size of the pupil and helps regulate the amount of light entering the
pupil. The size of the opening is governed by the muscles of the iris, which rapidly
constrict the pupil when exposed to bright light to let in less light in and expand
(dilate) the pupil in dim light to let in more light.
In addition to the aberrations, diffraction at the pupil limits the resolving power of
the eye according to the Rayleigh criterion. With a pupil diameter of about 2 mm,
the angular resolution is 1.080’ for a wavelength of 500 nm (2 mm object can just be
detected at a distance of 6 m).
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The size of the human pupil may also vary as a result of age, disease, trauma, or
other abnormalities within the visual system, including dysfunction of the pathways
controlling pupillary movement. Thus, careful evaluation of the pupils is an important
part of both eye and neurologic exams.

3.1.3 Crystalline lens

The second refractive component in the eye is the crystalline lens. The lens has an
adjustable shape and changes its refractive power to help the eye to focus on objects
at a certain distance away. The radius of the anterior surface is about 1.7 times that
of its posterior surface. In the relaxed state, the central thickness is around 3.6 mm
and the biconvex structure of the lens has an equivalent diameter of around 9 mm.
The lens is built from several nested shells. At first, it was assumed that there is just
one optical medium. In the more simplified representation, the lens is divided into a
crystalline lens and a lens capsule, and the refractive indices are considered constant
in each part. On the other hand, in the more complex models, the lens bulk is a mass
of non-uniform gradient-index cellular tissue enclosed in an elastic capsule. Till now,
no exact index distribution is provided but generally, the crystalline lens’ refractive
index is set to be 1.42. For clear vision, the lens must be transparent and have the
appropriate surface profile. The natural lens increases in size throughout human life
[6]. This creates new layers in the lens nucleus. Therefore, our lens deteriorates as we
age and becomes less elastic due to continued growth and simultaneous dehydration.
If the lens hardens significantly, the lens loses its ability to accommodate, so that
close objects can no longer be focused. This can result in the need for reading glasses.
Intraocular lenses are used to replace crystalline lenses clouded by cataracts.

3.1.4 Retina

The retina is a thin layer of tissue that lines the back of the eye on the inside which
contains several regions. The retina’s function is to collect light that has been focused
by the lens, transform it into neural signals, and deliver those signals to the brain for
visual recognition.
The retina has two types of photoreceptor cells that convert light into nerve impulses:
rods and cones. The rods detect the light for larger field sizes without colour sensitivity
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and lower resolution, but with a higher sensitivity to the brightness [7]. This is called
scotopic vision. The cones are responsible for colour perception and function best in
relatively bright light. There are three different types of cones in the eye, and these are
responsible for different spectral ranges of visible light. If the brightness is sufficient
for perception to take place entirely through the cones. This is called photopic vision.
Under twilight conditions, the signal from the rods is combined with the signal from
the cones and this is called mesopic vision.
The area of the sharpest vision on the retina is called the macula. There is a particularly
dense concentration of visual cells at the central part of the macula which is called
the fovea. The fovea is responsible for sharp central vision (foveal vision), which is
necessary for humans for activities for which visual detail is of primary importance,
such as reading and driving. The foveal region has the highest resolution in the entire
retina but a higher cone density could not necessarily achieve a higher resolution
because of the diffraction limit and the aberrations.
The foveal region, with a diameter of 1.8 mm, is not located centrally around the
geometrical axis of the eye. but usually lies 2.5 mm towards the human temple
(temporal region). The blind spot is another component of the retina. Since the
nerve enters the eye here, no light can be detected in the blind spot.

3.1.5 Ocular axes

There are several different axes in the eye, which can be recognized. These axes are:
the visual axis, optical axis, pupillary axis, line of sight axis (Videokeratometry axis),
and fixation axis [8]. The optical axis is the axis of greatest symmetry of the eye and
approximately passes through the centers of curvature of the refractive surfaces of the
eye (cornea, lens) [9]. The visual axis goes from the fixation point to the anterior node
of the eye and then continues from the posterior node to the location of the image
on the retina. The beam that represents the visual axis passes through the fovea to
the retina when the nodal points’ function is taken into account. Considering that
the pupil entrance represents the enlarged image of the pupil in the object space due
to the refractive power of the cornea. The visual axis corresponds to the object-side
course of the central ray of the light bundle running from the fixation point to the
fovea. The direct connection between the fixation point and the fovea (facial axis) can
be used as an estimate of the visual axis when the nodal points are close together.
The optical axis is perpendicular to the corneal surface and passes the iris pupil at the
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midpoint. The eye adjusts itself in such a way that the fixation point is imaged on
the fovea [6]. Since the fovea is offset outwards from the optical axis of the eye, the
direction of gaze and the optical axis differ [8]. For this reason, other ocular axes were
defined in addition to the optical axis.
The pupillary axis passes through the center of the entrance pupil and perpendicularly
intersects the anterior surface of the cornea [8]. The centre of the entrance pupil is
shifted towards the nasal side due to the asymmetrical imaging through the cornea
system and the off-axis position of the fovea. The pupillary axis usually does not
intersect the fixation point.
The line of sight axis was defined to enable better comparability between corneal
measurements [10]. It passes through the centroid of the light bundle. The line of
sight axis runs along the normal vertex of the corneal anterior surface. Moreover, it is
the axis of the ray cone, which enters the eye through the pupil. According to studies,
the line of sight axis and the optical axis are angled at a range of 3° to 8°.
The fixation axis is the connecting axis between the fixation point and the center of
rotation of the eye [2]. Figure 3.1 illustrates the ocular axes.

Figure 3.1: Schematic illustration of the ocular axes of the human eye. N and N’ indicate object-
sided and image-sided nodal points respectively.
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3.2 Refractive disorders

Refractive errors or refractive disorders are a type of vision problem that makes it hard
to see clearly. They occur when light cannot focus correctly on the retina. It occurs
due to abnormalities in the shape of the eye or its optical components, including the
cornea, lens, and eye length, typically resulting in blurred vision. Refractive errors
are the most common type of vision problem. The most typical refractive disorders
in which eyes do not focus light properly are astigmatism, myopia (nearsightedness),
and hyperopia (farsightedness). Another well-known refractive disorder in which the
crystalline lens can not change shape to allow the eye to focus on different distances
is presbyopia. In addition to these common refractive errors, there are also other
refractive disorders with different underlying causes. Some examples of these less
common refractive disorders include cataracts and keratoconus. These disorders may
arise from a variety of factors, including genetics, aging, or injury, and they can
have different symptoms and treatment approaches compared to the more prevalent
refractive errors. Refractive disorders may often be treated with eyeglasses, contact
lenses, or refractive surgery, which attempts to adjust the light beams’ pathway toward
the retina [11].

3.2.1 Astigmatism

Astigmatism is a type of refractive error in which the eye’s refractive power is not
rotationally symmetric. Normally, the cornea and lens are smooth and curved equally
in all directions. But in astigmatism, there is an imperfection in the curvature of
the eye that causes blurred distance and near vision. In other words, either the
corneal surfaces or the crystalline lens inside the eye has mismatched curves [12].
The astigmatic error can be corrected by eyeglasses, contact lenses, and surgery.

3.2.2 Myopia

Myopia, also known as nearsightedness, is one of the most prevalent disorders of the eye
in people under the age of 40. The underlying mechanism is that the eye focuses light
rays in front of the retina, instead of on the retina. Myopia is caused by the growing
length of the eyeball longer than normal or the refractive elements of the eye being
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too strong [13]. In this condition, distant objects appear blurry while close objects
appear normal. Myopia is usually correctable using optical aids such as spectacles and
contact lenses or surgical means.

3.2.3 Hyperopia

Hyperopia, also known as farsightedness, is a common refractive error in which the
eye can not focus on close objects properly but it can focus on distant objects without
any trouble. The underlying mechanism is that the eye focuses light rays behind the
retina, instead of on the retina [14]. Hyperopia is caused by the growing length of
the eyeball shorter than normal or the refractive elements of the eye being not strong
enough [15]. The most common treatment for hyperopia is the use of eyeglasses or
contact lenses to increase the refractive power of the eye.

3.2.4 Presbyopia

Presbyopia comes from a Greek word that means “old eye”. It is a physiological
error that results in insufficiency of accommodation ability to focus clearly on close
objects [16]. Presbyopia occurs due to decreased elasticity and increased hardness
of the crystalline lens or weakness of the ciliary muscle of the eye. Therefore the
eye focuses the light behind the retina rather than on the retina. LASIK surgery,
multifocal intraocular lenses, eyeglasses, and contact lenses, are all options for treating
presbyopia.

3.2.5 Keratoconus

Keratoconus is a condition in which the cornea assumes a conical shape as a result
of noninflammatory thinning of the corneal stroma [17]. In other words, it is an
asymmetric degeneration of the cornea that leads the cornea to become thinner and
conically bulge [18]. Irregular astigmatism, myopia, and protrusion caused by corneal
thinning reduce vision acuity to varying degrees [19]. Keratoconus is a progressive
disorder affecting both eyes, although only one eye may be affected initially [20].
Although keratoconus has been studied for decades, the cause is unknown.
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It is believed to occur due to a combination of genetic, environmental, and hormonal
factors [21].
Many keratoconus patients are unaware they have the disease. Symptoms are highly
variable and they depend on the stage of the progression of the disorder. The earliest
symptom is a slight blurring but in advanced stages, there is a significant distortion
of vision, difficulty seeing at night, and sensitivity to bright light accompanied by
profound visual loss. Fortunately, keratoconus patients never completely lose their
vision [17].
In terms of severity, keratoconus is classified into four different stages. In the early
stages, it can hardly be distinguished from refractive errors (myopia, astigmatism)
but it can usually be restored with glasses or intraocular lenses. On the other hand,
corneal transplant (epikeratophakia) is currently the only solution for advanced stages
of keratoconus. With a cornea transplant, there is a risk that the donor tissue will be
rejected by the body and/or that the desired improvement in visual quality will not
completely occur. There are other alternatives to corneal transplants such as corneal
ring implants (cross-linking and radial keratotomy), and utilizing lenses (hybrid lenses,
scleral lenses, piggy-back Lenses).
The diagnosis of keratoconus frequently begins with an ophthalmologist’s assessment
of the person’s medical history and continues with corneal topography, slit-lamp exam,
and pachymetry. Various indicators, such as pronounced corneal curvature and low
corneal thickness, are used to assess the risk of keratoconus or the stage of keratoconus
[22].

3.2.6 Cataract

A cataract is a clouding that develops in the crystalline lens of the eye or its envelope,
varying in degree from slight to complete opacity and obstructing the passage of light
[23]. Most cataracts are related to ageing and cataracts are very common in older
people. Aging is the most common cause of cataracts. But cataracts can also be caused
by ionizing radiation, trauma, certain medications, or metabolic diseases. A metabolic
disorder in the crystalline lens leads to proteins being stored there and scattering
light. The lens changes colour and the patient suffers from symptoms. Symptoms may
include faded colours, blurry or double vision, halos around light, trouble with bright
lights, and trouble seeing at night [24]. Cataract typically progresses slowly. Therefore,
the progression of the disease can lead to complete vision loss and is considered the
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leading cause of blindness worldwide [25].
Because cataract progresses irreversibly, the only established treatment option is the
surgical removal of the diseased crystalline lens [25]. For this purpose, a synthetic lens
is usually implanted at the site of the natural lens to restore the lens’s transparency.
This procedure is called cataract surgery.
For most people, cataract surgery goes smoothly. Almost 90% of cataract operations
successfully restore useful vision and they are causing little or no discomfort to the
patients. But like any surgery, there are risks, especially if you have other eye
problems or a serious medical condition. The most common complications of cataract
surgery are infection, inflammation, retinal detachment, lens fragments, secondary
cataracts, floaters and flashes of light, light sensitivity, dislocated intraocular lenses,
and dysphotopsia.

3.2.6.1 Alignment errors and dislocation of intraocular lenses

After implantation, the IOLs may be slightly tilted and/or decentered. The decentering
and tilting can be partially estimated from the alignment of the natural lens before
the operation. In addition, there is a possible subsequent decentration if a secondary
cataract forms.
Intraocular lens dislocation is a very rare condition that affects patients who have
undergone cataract surgery and consists of the displacement of the implanted lens
towards the vitreous cavity of the eye. IOL dislocation has been reported at a rate of
0.2% to 3% [26]. It may occur as a result of an early or late complication of cataract
surgery, prior vitreoretinal surgery, trauma, or an inherent pathological process or
connective tissue disorder contributing to lens zonular weakness [27].
Patients with a dislocated IOL may experience a decrease or change in vision, diplopia,
and/or glare. Some patients also report seeing the edge of the IOL. IOL dislocation
may present as phacodonesis, simple lens decentration within an intact capsular bag or
in the sulcus, partial lens subluxation out of the capsular bag, or complete dislocation
of the lens within or outside of the bag into the anterior or posterior chamber.
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3.2.6.2 Secondary cataract

secondary cataract or posterior capsule opacification (PCO) is one of the most common
complications of cataract surgery [23]. Up to 40-50% of all patients need some clinical
follow-up or treatment due to this complication [28]. Thus, prevention of the formation
of secondary cataracts is crucial to secure the outcome of cataract surgery. The
secondary cataract is caused by residual lens epithelial cells that settle in the posterior
lens capsule in the optic region of the intraocular lens. YAG laser treatment has
become an established method to treat this postoperative complication. However,
research has indicated that YAG laser treatment can cause some serious side effects,
including retinal detachment and damage to the implanted intraocular lens [29, 30].
To prevent secondary cataract formation, the lens epithelial cells that remain after
cataract surgery should be removed completely. This could be performed by cleaning
the capsular bag [31], cryolysisof the capsule [32], or changing the intraocular lens
design [33].

3.2.6.3 Dysphotopsia

Unwanted visual disturbances can arise after the implantation of IOLs. These visual
symptoms, which are usually not explained by classical optics, are called Dysphotopsia.
Dysphotopsias (both positive and negative) represent undesirable subjective optical
phenomena that sometimes occur shortly after seemingly “perfect” cataract surgery
[34]. Dysphotopsia can be quite frustrating for surgeons and patients alike, and it has
been suggested that dysphotopsia is one of the leading causes of patient dissatisfaction
after surgery [35]. Although dysphotopsia is often caused by cataract surgery, it can
also be caused by other eye diseases, such as glaucoma and macular degeneration. This
condition can affect vision, causing the patients to see things differently than they
usually are. In this phenomenon light or shadows which are not directly correlated to
an object are detected in the visual field and they are detected at a location where
no light or shadows are expected. Clinical studies show that the photic effects caused
by dysphotopsia are mostly located in the temporal visual field. This effect has been
named by Tester et al. [35].
Generally, dysphotopsia can be categorized into positive (PD) and negative (ND).
Since positive dysphotopsia (PD) and negative dysphotopsia (ND) likely have distinct
causes, patients may experience both types. In positive dysphotopsia light is perceived
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as bright patterns such as arcs, streaks, rings, or halos on the retina centrally or mid-
peripherally, but not on the extreme periphery. The cause of PD is reasonably well
understood, given the good correlation between optical laboratory and clinical findings.
There is no systematic correlation between dysphotopsia and corneal diameter, anterior
chamber depth (ACD), iris pigmentation, and photopic and scotopic pupil diameter or
refraction. However studies show that there is a correlation between the size, material,
and axial position of the IOL. Moreover, the IOL edge design and manufacturing
quality can affect positive dysphotopsia.
On the other hand, negative dysphotopsia (ND) is the absence of light reaching certain
portions of the retina that manifests as a dark shadow. ND was first described more
than 20 years ago and manifests as a temporal dark crescent-shaped shadow after
in-the-bag posterior chamber IOL implantation [36]. The mechanism of this disorder
has remained a clinical enigma, with proposed explanations that include IOL material
with a high index of refraction, cataract incision located temporally in the clear cornea,
optics with a sharp or truncated edge, a prominent globe, a shallow orbit, etc [37].
The current treatment options for severe persistent negative dysphotopsia are IOL
exchange with the placement of a secondary IOL in the bag or the ciliary sulcus,
implantation of a supplementary IOL, reverse optic capture, and Nd: YAG anterior
capsulectomy; however, in some cases, the symptoms may persist after treatment [38].

3.3 Ophthalmic lenses

Ophthalmic lenses are lenses for correcting vision in a person with visual impairments
where the focal point of the eyes does not hit the retina. Lenses can also be used to
address aberrations like astigmatism. Based on the severity of the refractive errors,
ophthalmic lenses are utilized in various forms including plastic and glass lenses worn
in glasses, contact lenses placed in direct contact with the cornea, and lenses implanted
surgically inserted into the eye.

3.3.1 Spectacles

Spectacles, also known as eyeglasses. are devices worn in front of the eyes to correct
refractive errors or to protect the eyes from light exposure. They are nowadays also
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worn for aesthetic or fashion reasons. According to historical records, the first pair
of glasses was manufactured in Egypt in the sixth century B.C. They are thought
to have been made of polished crystal which was attached to the head of the wearer
using a kind of fixture. At the start of the 13th century, crystals were used as lenses
to improve visual acuity. Initially, only convex lenses were available, primarily to help
people read and write again. The idea of utilizing concave lenses to help short-sighted
patients didn’t develop until the middle of the 15th century.
Spectacles are typically used for vision correction, such as with reading glasses and
glasses used for nearsightedness; however, without the specialized lenses, they are
sometimes used for cosmetic purposes. Today, glasses are available in a wide variety of
types, such as corrective glasses, safety glasses, light protection glasses, blue-blocking,
and polarising filters.

3.3.2 Contact lenses

Contact lenses are small plastic lenses placed directly on the surface of the eye to help
correct refractive errors, that is to say, the loss of focus. They float on the tear film
layer that coats the surface of the eye and in comparison to spectacles, contact lenses
typically provide better peripheral vision. In his 1508 Codex of the Eye, Leonardo da
Vinci is credited with introducing the concept of contact lenses [39]. In 1887, Louis
J. Girard invented the first scleral contact lens [40]. However, the first successful
afocal scleral contact lens (with 18–21 mm diameter) was invented in 1888 by German
ophthalmologist Adolf Gaston Eugen Fick.
Contact lenses can be worn to correct vision or for cosmetic or therapeutic reasons [41].
There are two main types of contact lenses. They are classified into two main groups:
rigid gas permeable (RGP) contact lenses and soft contact lenses. RGP lenses maintain
their shape and differ from soft lenses in size and stability. They are significantly
smaller than soft lenses and float on the tear film produced by the eye. On the other
hand, soft lenses are more flexible than rigid lenses and can be gently rolled or folded
without damaging the lens. Soft lenses adapt their shape in any direction and adjust
easily to every eye bulb form, thus requiring only a short adaptation period. Contact
lenses are typically used to correct refractive errors but presbyopia also can be corrected
by progressive contact lenses.
Another small group of contact lenses are hybrid lenses. Typically these contact lenses
consist of a rigid centre and a soft "skirt". A comparable method is "piggybacking"
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a smaller, rigid lens onto the surface of a bigger, soft lens. These techniques are often
chosen to give the vision correction benefits of a rigid lens and the comfort of a soft
lens [42].

3.3.3 Intraocular lenses

The replacement lens implanted in the cataract surgery is called an intraocular lens
or IOL. The first IOL implantation was performed in 1949. IOL implantation became
widespread in the 1970s with the improvement of lens design and advance of surgical
techniques. If the natural lens is left in the eye, the IOL is known as phakic, otherwise,
it is a pseudophakic. Similar to a natural crystalline lens, a pseudophakic IOL performs
the task of focusing light. On the other hand, The phakic IOL is used in refractive
surgery to cover the existing natural lens’ refractive power.
In cataract treatment, there are three ways to remove the cataract. The natural lens
can be removed in its entirety with or without the capsular bag. Both methods require
relatively large incisions in the cornea to remove the cataract from the eye. The third
option is the modern small incision technique. The cataract inside the eye is crushed
with ultrasound and then sucked out (phacoemulsification).
IOLs consist of two main components: the optic area that determines the optical
properties of the IOL and the haptics that ensure it is held at the implantation
site. IOLs can be classified according to implant location, optic shape, function,
material, and feel. With one-piece IOLs, the haptics and optics are made of the same
material. With three-piece IOLs, the haptics and optics of the IOL are manufactured
independently of one another and then assembled. Haptics ensure the hold of the IOL.
Therefore, their diameter depends on the implantation site. Haptics are intended to
prevent alignment errors of the IOL as much as possible. The predominant haptic
geometries are C- or L-shaped haptics and two-ended plate haptics. Figure 3.2 shows
a schematic drawing of an intraocular lens with C-loop haptics.

The anterior chamber, sulcus (haptic is behind the iris but in front of the capsular
bag) and the capsular bag can be used as implantation sites. Phakic IOLs are either
implanted in the anterior chamber and fixed to the iris or positioned directly in the
sulcus. The same applies to add-on IOLs, which are used in addition to the IOL
implanted in the capsular bag to enable subsequent refraction correction. Most IOLs
used to treat cataracts (pseudophakic IOLs) are implanted in the capsular bag at the
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Figure 3.2: Schematic illustration of an intraocular lens from the front and side view. The IOL
consists of the optic area and haptics.

site of the natural lens. If implantation in the capsular bag cannot take place, a sulcus-
fixated IOL is used.
IOLs are generally categorized into hydrophilic and hydrophobic lenses. Hydrophilic
IOLs have good biocompatibility, are easy to handle, and have a comparatively low
refractive index (depending on the water content). Hydrophobic IOLs are characterized
by higher refractive indices and lower secondary cataract rates. The first IOLs were
hydrophobic and were made of polymethyl methacrylate (PMMA). This material
cannot be folded; therefore, it is not suitable for small incision surgery. The unfoldable
IOLS are made from materials such as silicon, acrylic polymers, and hydrogel.
By refractive behaviour, IOLs also can be distinguished as monofocal IOLs, toric IOLs,
multifocal IOLs, and accommodating IOLs.
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3.3.3.1 Monofocal

The monofocal IOL is the most commonly used and promising IOL type. Most
IOLs fitted today are fixed monofocal lenses matched to distance vision. Within
the monofocal IOLs, different designs can be distinguished like spherical IOLs and
aspheric IOLs. The first IOLs had spherical optics. This continues to be the case with
many IOL models. Spherical IOLs are generally biconvex spherical lenses with varying
powers to attempt to match a patient’s choice of primary focal length. They sharpen
only one focus (far, intermediate, or near).
Atchison studied the ideal radii ratio between the IOL anterior surface and the IOL
posterior surface for imaging quality with IOL implanted in the capsular bag [43, 44,
45]. He concluded that the ideal spherical IOL shape lies between a convex-planar
IOL (convex front) and a biconvex IOL.
The problem for spherical IOL is the high residual spherical aberration when the pupil
enlarges in dim light conditions. As spherical aberration is observed from the patients
who implanted the spherical IOL, aspherical IOL designs for eliminating spherical
aberration are demanded. Aspheric IOLs are classified based on their aberration
correction. Aberration-correcting IOLs have negative spherical aberrations, which are
intended to partially or completely compensate for the mean spherical aberration of the
cornea [46]. IOLs that have no spherical aberration are referred to as aberration-free
or aberration-neutral IOLs. Aberration-free IOLs also slightly influence the spherical
aberration in the pseudophakic eye if its optical properties deviate from the calculation
model for which the IOLs were designed [46].
Both, spherical and aspherical IOLs, only consider rotationally symmetric aberrations,
the common aberration astigmatism is not taken into account in such designs. In other
words, the radius of curvature in all cross-sectional meridians of the surface is similar.
Therefore, the refractive power in both sagittal and tangential planes is identical.
Figure 3.3 shows the front surface topography of a monofocal IOL. The IOL model
used for this figure is HOYA-XY1 and the measurements were done by the NIMO
wavefront sensor device.
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Figure 3.3: The front surface topography of the HOYA-XY1 IOL is measured by the NIMO wavefront
sensor device.

3.3.3.2 Toric

Toric lenses may correct distance focus and substantially reduce astigmatism. Toric
IOLs are specially crafted to correct the asymmetry associated with corneal astigmatism
of 1 D. Besides rotationally symmetric aberrations, other kinds of aberrations like coma
and trefoil exist. Generally in toric IOLs, the refractive power in sagittal and tangential
planes is not identical. Standard toric IOLs are available in cylinder powers of 1.5 D to
6.0 D. They are usually intended for regular corneal astigmatism in a range from 0.75
D to 4.75 D and extended series or customized IOLs are available to achieve higher
cylindrical power. Toric IOLs are available as monofocal and multifocal lenses. The
outcomes after toric IOL implantation are influenced by numerous factors, right from
the preoperative case selection and investigations to accurate intraoperative alignment
and postoperative care [47]. Unfortunately, a misaligned toric IOL can cause blurred
vision that cannot be easily improved with corrective lenses. Figure 3.4 shows the
surface topography of a multifocal IOL. The IOL model used for this figure is ZEISS-
AT TORBI and the measurements were done by the NIMO wavefront sensor device.
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Figure 3.4: The front surface topography of the Zeiss-AT TORBI IOL is measured by the NIMO
wavefront sensor device.

3.3.3.3 Multifocal and Enhanced depth of focus lenses

In the last decades, ophthalmic surgeons have been affected by alternative intraocular
lens designs in addition to classical monofocal lenses. Besides toric lenses for correction
of corneal astigmatism, refractive and diffractive bifocal or multifocal lenses (MF),
refractive enhanced depth of focus lenses (EDOF), or monofocal plus lenses have been
developed to maintain pseudophakic pseudo accommodation after cataract surgery
[48].
The most common approach to correcting presbyopia is through the use of multifocal
IOLs. They can be implanted in the capsular bag or as an add-on IOL. MF lenses
are simultaneously generating images from objects positioned at varying distances
from the retina [49]. The multifocal lens is designed with specialized segments that
incorporate specific patterns, akin to the structure of Fresnel lenses. But the difference
of the neighboring segments is much smaller than that in a Fresnel lens, less than
half wavelength. These segments are strategically crafted to change the phase of the
incident light in such a way that interference leads to high intensities in different
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focal points while the intensity outside the focal points is minimized. The diffractive
segments of multifocal IOLs change the phase of the incident light in such a way that
interference leads to high intensities in different focal points while the intensity outside
the focal points is minimized [50].
These IOLs usually have a high near addition for activities that require near and
intermediate vision such as reading and working with tablets and cell phones. The
difference between the refractive values of the far and near focal points is called near
addition. Figure 3.5 shows the surface topography of a multifocal IOL. The IOL model
used for this figure is Alcon-PanOptix and the measurements were done by the NIMO
wavefront sensor device.

Figure 3.5: The front surface topography of the Alcon-PanOptix IOL is measured by the NIMO
wavefront sensor device.

In contrast to multifocal IOLs used in the treatment of presbyopia, EDOF lenses with
a low near addition have been proposed to maintain both far and intermediate-distance
vision by stretching out the focal point. EDOF IOL is a new technology that has
recently emerged in the treatment of Presbyopia-correcting IOLs. An increased depth
of field means that the patient can see clearly over an extended distance range. These
IOLs have a biconvex wavefront-designed anterior aspheric surface and a posterior
achromatic diffractive surface with an echelette design. They are usually manufactured

26



3 Background

with rotationally symmetrical concentric zones with different diameters. This exclusive
format creates an achromatic refractive pattern that elongates a single focal point and
compensates for the chromatic aberration of the cornea. Therefore, pupil size regulates
the proportion of light in the superimposed image and causes pseudo-accommodation.
Both multifocal and EDOF lenses have been shown to increase levels of spectacle
independence, however, both lens types may be associated with unwanted photic
phenomena such as glare and halos. High levels of patient satisfaction were achieved
in at least one initial study. One hundred two patients (91.1%) and 283 patients
(94.6%) in the monovision and non-monovision groups, respectively, said they would
recommend the same procedure to their friends and family. In the entire cohort of 411
patients, 385 (93.7%) would recommend the surgery and 388 (94.4%) would choose the
same IOL again [51]. Figure 3.6 shows the surface topography of an EDOF IOL. The
IOL model used for this figure is Bausch and Lomb-LuxSmart and the measurements
were done by the NIMO wavefront sensor device.

Figure 3.6: The front surface topography of the Bausch and Lomb-LuxSmart IOL is measured by
the NIMO wavefront sensor device.
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3.3.3.4 Intraocular lens calculation

The goal of cataract surgery is to remove the cloudy lens and adequately replace the
missing refractive power. The refractive power of the IOL is often selected in such a way
that the patient does not need glasses postoperatively for distance vision. The desired
postoperative prescription of glasses for distance vision is called target refraction. If
the patient wishes to be able to see far without glasses, slight myopia is usually aimed
to avoid postoperative hyperopia. A postoperatively hyperopic patient can only see
clearly at all distances with glasses.
The first theoretical formula for IOL power calculation was developed in 1967 by
Fyodorov [52]. All of the formulas use the eye’s axial length and corneal radius as
input parameters. The radius of the cornea can be measured by keratometry. The
eye’s axial length can be achieved by A-scan ultrasound biometry or a partial coherent
interferometer. All the formulas use Gaussian approximation and thin lens calculation.
They use different strategies for lens position determination and power calculation.
The IOL calculation usually takes place in two steps. In the first step, the postoperative
effective lens position (ELP) is estimated based on preoperative biometry. Various
formulas are available to calculate ELP. In the second step, the IOL refractive index
is calculated based on the ELP with the paraxial approach [53].

P =
nEye

AL− ELP
−

nEye
nEye

K +
Ref

1−Ref.12mm

− ELP
(3.1)

Some formulas require slight modifications to their ELP estimates. Alternatively, ray
tracing is used. The exception to this two-step procedure is the empirical procedure of
the Hill-RBF calculator 1. However, the results of IOL power calculation depend on
the accuracy of the axial length measurement. There are other sources of error, such
as the accuracy of the keratometry, postoperative changes of the corneal curvature,
misestimation of the postoperative anterior chamber depth, and mislabeling of IOL
power.

1www.rbfcalculator.com
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3.3.3.5 Axial position of the intraocular lens

The main source of uncertainty in current IOL power calculation formulas is variation
in the preoperative estimation of postoperative IOL position, known as the estimated
lens position (ELP) [54, 55]. Therefore, improvements in the ELP will provide better
IOL power selection and thus refractive and visual outcomes. Since the 1970s, various
theoretical formula generations have been proposed, each with a unique approach
to estimating the lens positions. The first generation assumed a constant value for
the ELP [56, 57]. The second generation individualized the prediction by replacing
the constant ELP with one variable dependent on the axial length (AL) measured
for every patient [58]. The third generation formulas used axial length and anterior
corneal curvature to predict ELP [59, 60], and the fourth and fifth generations included
the preoperative anterior chamber depth (ACD) to improve the prediction [61].
Predicting the postoperative axial position of the IOL in the eye based on preoperative
measurements is crucial to selecting the IOL refractive power using equation 3.1. The
position of the IOL in the eye can currently only be predicted by empirical estimates.
There are no physiologically or physically justified descriptions of the healing process
and its effects on the axial position of the IOL considering different haptic geometries
and optic designs.
In order to improve the prediction of the axial IOL position, some parameters were
adapted to the prediction formulas. The parameters based on the refractive results
provided for this are referred to as IOL constants.
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3.4 Ophthalmic devices

In the analytical formulas, the input parameters are the keratometric power of the
cornea and the axial length of the eye. For ray tracing, the axial length of the eye is
also a necessary input. Meanwhile, the surface profile of the cornea is another one.

3.4.1 Axial eye length measurement

Axial length (AL) is the combination of anterior chamber depth, lens thickness and
vitreous chamber depth, and it is the most significant contributor to refractive error.
A variety of techniques have been used to measure intraocular distances. For axial
length measurement, two experimental methods are applied. The first one is to
use an A-scan ultrasound measurement. The second is to use a partial coherent
interferometric method. We can call one method traditional AL, and the other method
sum-of-segments AL [62]. Haigis et al. calibrated this biometer to ultrasound (US)-
derived ALs using a weighted-average refractive index of the whole eye. The segmental
refractive indices of the eye were weighted in proportion to the segment lengths in the
Gull-strand model eye to obtain one representative average refractive index for the
whole eye [63]. We call this method traditional AL. Another researcher in optical
biometry named Hitzenberger proposed the sum-of-segments AL method [64]. To
obtain an AL, he suggested adding the geometric lengths of the ocular segments
(cornea, aqueous, lens, and vitreous). However, partial coherence interferometry (PCI)
(IOLMaster, Carl Zeiss Meditec AG), the original optical biometer, could only identify
two locations: The anterior cornea and the retinal pigment epithelium (RPE).

3.4.1.1 Ultrasound biometry

A-scan biometry, also referred to as A-scan, utilizes an ultrasound device for diagnostic
testing. The first measurements of the length of the optical axis of the eye by
the ultrasonic echo-impulse techniques were performed by Franken as early as 1961
[65]. Ultrasonic measurement of the axial length of the eye has become an accepted
technique to provide an essential part of the information required for preoperative
intraocular lens calculation. This device can determine the length of the eye and can
be useful in diagnosing common sight disorders. A-scans are also extremely beneficial
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in cataract surgeries, as they enable the ophthalmologist to determine the power of the
IOL needed for the artificial implant. A-scans are also used to diagnose and measure
masses in the eyes.
Measuring the axial length of the eye using an A-scan is dependent upon the sound
velocity of the instrument for the measurement [66]. Some instruments use an average
velocity for the entire eye while others use individual velocities for each part of the eye.
A-scan ultrasound biometry is a more challenging technique to use on children due to
the contact nature of the instrument. It has been observed that the refractive results of
IOL calculation have improved significantly with ultrasonic axial length measurement
as compared to the results obtained with clinical judgment alone [67].

3.4.1.2 Interferometry with partially coherent light

Even as reliable as immersion ultrasound has been, clinicians have increasingly used
optical coherence biometry for IOL calculations. The advantages of this method are
high longitudinal accuracy and a high transversal resolution. In addition, it is more
comfortable for the patient, because it is a noncontact method; thus, no anesthesia is
needed [68]. since minimal patient cooperation is necessary for this method, it can be
performed in the fully upright position by technicians with adequate training. In the
interferometric technique, a statistically stationary fluctuating light beam emitted by
a semiconductor laser is used. With the help of an interferometer, the optical path
length of the human eye can be measured. The axial length of the eye can be calculated
with the refractive indices and optical path length of the eye [69].
For example, the Carl Zeiss IOL Master uses 780 nm light to measure the distance
from the retinal pigment epithelium to the corneal surface. It’s quick, accurate, and
doesn’t require contact with the corneal surface.

3.4.2 Corneal measurements

3.4.2.1 Keratometer

Keratometry is a classic ophthalmic device. It is a diagnostic instrument for measuring
the curvature of the anterior surface of the cornea, and for assessing the extent and
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axis of astigmatism. A keratometer uses the relationship between object size (O),
image size (I), the distance between the reflective surface and the object (d), and the
radius of the reflective surface (R). If three of these variables are known (or fixed), the
fourth can be calculated using the formula

R = 2
dI

O
(3.2)

And the power of the cornea is

K =
nCornea − 1

R
(3.3)

where n is the refractive index of the cornea. There are two distinct variants of
determining R; Javal-Schiotz type keratometers have a fixed image size and are ’two
positions’, whereas Bausch and Lomb type keratometers have a fixed object size and
are usually ’one position’.

3.4.2.2 Corneal topographer

Most corneal topographers project a Placido ring pattern onto the cornea and capture
the image of the Placido ring with a camera in the center. With the corneal topographer,
a corneal topography composed of thousands of sampling points can be generated. By
these sampling points, a more detailed corneal anterior surface characterization can
be achieved.

3.4.3 Optical coherence tomography

Optical coherence tomography (OCT) is a technique that uses low-coherence light to
capture micrometre-resolution, two- and three-dimensional images from the eye tissues
[70]. By using the anterior segment optical coherence tomography (AS-OCT), the
structure of the anterior segment (including the cornea, anterior chamber, and anterior
lens surface) can be examined in one measurement. Both the corneal anterior and
posterior surface height profiles and corneal thickness information can be extracted.
This can provide enough information to build a surface model for individualized
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corneas.
In recent years, software and hardware have advanced significantly. The OCT data
obtained from devices like the IOLMaster 700 (Carl Zeiss Meditec, Jena, Germany)2,
OA-2000 (TOMEY Inc., Nagoya, Japan)3, or EyeStar (Haag-Streit, Wedel, Germany)4

serve various purposes in ophthalmology and eye care. Each of these instruments may
have specific features and capabilities, but generally, they are used for the following
purposes:

• Cataract Surgery Planning: Optical coherence tomography plays a pivotal
role in preoperative evaluation for cataract surgery. Parameters including axial
length, anterior chamber depth, and corneal curvature are precisely quantified.
These measurements are essential for calculating (IOL) power, thereby ensuring
accurate postoperative refractive outcomes.

• Refractive Surgery Evaluation: Anterior segment OCT (AS-OCT) facilitates
the meticulous evaluation of corneal morphology and anterior segment structures.
This is indispensable in the assessment of corneal topography, thickness, and
other characteristics crucial for the planning and assessment of refractive surgeries
like LASIK, PRK, and phakic IOL implantation.

• Glaucoma Assessment: OCT devices, including the OA-2000, are extensively
utilized for the quantitative analysis of the optic nerve head and peripapillary
retinal nerve fiber layer (RNFL) thickness. These measurements are pivotal
in the diagnosis and monitoring of glaucoma, a progressive optic neuropathy
associated with characteristic structural changes.

• Macular and Retinal Disease Management: OCT is a cornerstone in the
assessment and management of macular and retinal pathologies, such as age-
related macular degeneration (AMD), diabetic retinopathy, and macular edema.
High-resolution OCT scans yield cross-sectional images of the macula, facilitating
early detection, treatment monitoring, and the assessment of therapeutic efficacy.

• Corneal Evaluation: OCT technology enables precise imaging and assessment
of the cornea. This capability is of paramount importance in the diagnosis and

2www.zeiss.de/meditec-ag
3www.tomey.de
4www.haag-streit.com
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characterization of corneal disorders, including keratoconus, corneal dystrophies,
and corneal scars. Additionally, corneal pachymetry measurements, obtained via
OCT, inform various surgical interventions.

• Anterior Segment Assessment: OCT instruments, such as the EyeStar,
contribute to the quantitative evaluation of the anterior segment, including
the anterior chamber angle. This information is integral to the assessment
of conditions like narrow-angle glaucoma, providing insights into anatomical
structures.

• Postoperative Monitoring: OCT measurements serve a critical role in the
postoperative phase following ocular surgeries. They are essential for tracking
the healing process, detecting postoperative issues, and assessing the overall
effectiveness of surgical procedures.

In summary, OCT data derived from cutting-edge devices are essential resources in
contemporary ophthalmology. These measurements provide precise, high-resolution
information about eye structures, facilitating accurate diagnosis, treatment strategy
formulation, and ongoing monitoring for various eye conditions.
In our study, we used a 3D swept-source OCT setup called CASIA2 (TOMEY Inc.,
Nagoya, Japan)5. CASIA2 has an axial resolution of 10 µm with a scanning range of
16 µm in diameter and a maximum penetration depth of 13 mm. CASIA2 uses polar
coordinates to provide several types of tomographic data such as elevation, refractive,
keratometric, etc., from the anterior and posterior surfaces of the cornea. The CASIA2
software provides raw data files in both CSV and DAT formats. Each data set has 16
meridians with 16 mm of diameter, with each meridian containing 800 data points. The
CASIA2 considers a tangent plane to the center of the anterior surface as a reference
for measuring the height of each point.

3.4.4 Wavefront aberrometry

In the 1970s, Dr. Roland Shack and Dr. Ben Platt advanced the concept by replacing
the screen with a sensor based on an array of tiny lenslets, thus creating the Hartmann-
Shack sensor. In 1978, Dr. Josef Bille of Germany was the first person to use

5www.tomey.de
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the Hartmann-Shack sensor in ophthalmology. Other wavefront pioneers include Dr.
Junzhong Liang and Dr. David Williams who developed a wavefront device that could
be used in a clinical setting. Wavefront analysis became a useful tool for human
eye diagnostics in the 1990s [71] when the vision complaints of patients could not be
explained by the normal understanding of refractive power. The visual performance
can be improved in the refractive surgery process when taking the wavefront view for
the activity.
The wavefront error is the optical path length difference among the rays in ray tracing.
The optical path length is the summation of geometrical length multiplied by the
refractive index of each media of the eye system. The shape of the refractive componen-
ts will determine the optical path length. The result of the wavefront error will vary
with different surface profiles.
The aberration data is converted into a treatment formula by using Zernike polynomials
which are also called modes. Each mode describes a certain three-dimensional surface
and the Zernike polynomials correspond with ocular aberrations. For instance, second-
order Zernike polynomials represent conventional aberrations such as defocus and
astigmatism. Zernike polynomials above the second order represent the higher-order
aberrations that are suspected of causing glare and decreased contrast sensitivity.
Zernike polynomials help to simplify wavefront technology by combining all aberrations
into one simple map. This is called Zernike decomposition which is the standard way
for analysis of wavefront errors.
By extracting the Zernike coefficients from the propagated wavefront, it is also possible
to simulate the optical performance of each patient’s eye. This capability aids in the
development of individualized IOLs to correct wavefront errors and enhance visual
quality. Additionally, by reconstructing the wavefront at different distances, it becomes
possible to simulate the visual acuity of patients using ray tracing software.
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3.5 Eye simulations

There is a need for eye simulations to model vision accurately under various conditions
such as refractive surgical procedures, contact lens and spectacle wear, and near vision.
Recent advances in the biometric measurement of the eye and in computerization to
expedite extensive, complex optical calculations have made it possible to model the
optical performance of the eye accurately. In order to investigate refractive errors
in clinical and basic research studies, several mathematical eye models have been
developed in recent decades.

3.5.1 Schematic eye models

The schematic eye model is a simplified statistical and mathematical model for the
theoretical study of the human eye. These models represent human vision under
different conditions such as refractive surgeries, spectacle wear, contact, and intraocular
lens implementation. There are several theoretical eye models in the literature. The
refractive elements of the eye in the schematic model eyes are the cornea and the lens.
Almost all models offer two versions of the data, one for the accommodating eye and
the other for the relaxed eye. All the models describe the eye by radii, distances, and
refractive indices of the elements.
Since the schematic models are simplified, each value of the describing parameters
is effective. The earlier models described by spherical surfaces and the refractive
indices of their elements are reported for one wavelength in green. On the other
hand, more modern and sophisticated eye models are described by aspherical surfaces
to model spherical aberration of the eye. Furthermore, their inventors use several
refractive indices and in some cases, gradient index media to model the human eye
more realistically.
There is no eye model that covers all the cases which represent the human eye. Each
schematic model has positive and negative aspects. These models are not realistic
anatomical models and they just describe the optical properties of the human eye.
Some of the well-known schematic eye models are Helmholtz-Laurance [72], Gullstrand
[73], LeGrand [74], Emsley [75], Schwiegerling [76], Kooijman [77], Navarro [78], and
Liou-Brennan [79].
Liou and Brennan’s schematic eye is the one that most closely resembles the vivo
biological eye. Therefore, in applications, such as research or product development
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for customized vision correction, which must consider optical properties intrinsic to
the biological eye, this model is recommended. For applications that do not require
refraction-limited performance, the other models can be a good approximation [80].

3.5.2 Liou–Brennan eye

In 1997, Hwey-Lan Liou and Noel A. Brennan introduced a finite model eye by
adopting empirical values of ocular parameters to produce a model structurally similar
to the human eye [79].
The liou-Brennan model eye is characterized by four coaxial refracting surfaces and it
has an equivalent power of 60.35 D and an axial length of 23.95 mm. The cornea of this
model is defined by two rotationally symmetric surfaces with a thickness of 0.5 mm.
These two rotationally symmetric surfaces (front and back surfaces) are described by
radii 7.77 and 6.40 mm, and asphericities -0.18 and -0.60, respectively. The interspace
between corneal surfaces is 0.5 mm.
According to the schematic model eye of Liou-Brennan, all optical elements (corneal
front and back surface, lens front and back surface) are centered on the ‘optical axis’.
The pupil is somehow decentered by 0.5 mm in the nasal direction concerning the
optical axis to consider the incident ray angle of 5° from the nasal direction so that
an incident ray bundle passes through the aperture stop and is focused on the fovea.
The fovea is located about 1.4 mm temporally from the optical axis. This model uses
gradient media to describe crystalline lens. Therefore it predicted the aberrations of
the eye very precisely. The spectral properties of this model are only applicable in the
visible range and cannot be extended to the ultraviolet and infrared spectrums.
In our study, the optical performance of the eye after cataract surgery in different
situations is the aspect of interest.

3.5.3 Ray tracing procedure

In physics, ray tracing emerges as a powerful method for predicting the behavior of
waves or particles as they traverse through complex optical systems, characterized by
varying absorption characteristics, propagation velocities, and reflective surfaces. Ray
tracing, at its core, is founded on the concept that these waves or particles can be
approximated as an extensive array of exceedingly narrow beams or rays.
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It is important to note that ray tracing, although a valuable tool, does not encompass
certain optical phenomena such as interference and diffraction. These phenomena
necessitate the application of wave theory to explain their manifestations. In contrast,
ray tracing is intrinsically rooted in geometric optics, making it the ideal choice for
calculations about systems governed by simple ray behavior.
Compared to Gaussian optics, ray tracing boasts distinct advantages that render it
indispensable in various optical applications. Firstly, ray tracing exhibits remarkable
versatility in its ability to be applied to optical surfaces of varying shapes, as it
primarily concerns itself with the local characteristics of the surface profile and its
derivatives. This flexibility sets it apart from Gaussian optics, which predominantly
accommodates the paraxial regime, making ray tracing a more universal tool for
optical simulations and design. Secondly, Gaussian optics often confines itself to
paraxial cases, while ray tracing operates without such limitations. By leveraging
Snell’s law, ray tracing enables precise calculations of refraction at interfaces with
varying refractive indices, making it an invaluable asset in the accurate modeling of
optical systems. Moreover, the ability to employ a large number of rays in numerical
ray tracing provides a highly detailed description of the optical behavior within a
given lens system. This detailed information is particularly valuable in optimizing the
performance of optical components and systems.
Ray tracing models find extensive utility in a multitude of applications within optics.
One notable application is the calculation of intraocular lens (IOL) refractive values.
This involves assessing how IOLs interact with the eye’s optical system, considering
factors like lens alignment and corneal aberrations. Ray tracing methodologies offer
precision in these calculations, enhancing the accuracy of IOL designs. Additionally,
ray tracing is instrumental in investigating the effects of misalignment of IOLs within
the eye. This detailed analysis aids in understanding and mitigating potential visual
disturbances caused by IOL positioning. Furthermore, ray tracing is a powerful tool
to develop personalized IOLs tailored to correct specific corneal aberrations, ensuring
optimal visual outcomes for individual patients.
Ray tracing holds promise in ophthalmology, it’s essential to note that its practical
application may require specialized software and hardware, as well as expertise in
both ophthalmology and computer graphics. As technology continues to advance,
the integration of ray tracing into ophthalmic practice may become more common,
potentially leading to improved patient care and outcomes. Ray tracing, with its
ability to simulate light propagation through complex optical systems, has proven to
be an invaluable tool in ophthalmology, particularly in the design and optimization of
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intraocular lenses and the study of their interaction with the eye’s optical system. Its
precision and versatility make it an essential component of modern optical research
and practice within the field of ophthalmology.
Numerous ray tracing software programs are available to facilitate these calculations
and simulations. Prominent examples include ZEMAX, ASAP, OSLO, VirtualLab,
and more. In our study, we used ZEMAX Ray Tracing Software (Version 21.3,
Washington, USA) in both sequential and non-sequential ray tracing modes. This
software helped us gain a better understanding of how optical systems behave and
contributed significantly to our research.

3.5.3.1 ZEMAX OpticStudio

ZEMAX is a software that can model, analyze, and assist in the design of optical
systems. It models many types of optical components. These include conventional
spherical glass surfaces, plus aspheres, toroids, cylinders, and others. ZEMAX can
also model components such as diffraction gratings, binary optics, Fresnel lenses,
holograms, and others. ZEMAX has two different modes of ray tracing: sequential
and non-sequential [81].
Sequential ray tracing means rays are traced from surface to surface in a predefined
sequence. ZEMAX numbers surface sequentially, starting with zero for the object
surface. The first surface after the object surface is 1, then 2, then 3, and so on, until
the image surface is reached. Tracing rays sequentially means a ray will start at surface
0, then be traced to surface 1, then surface 2, etc. No ray will trace from surface 5 to
3; even if the physical locations of these surfaces would make this the correct path.
Non-sequential ray tracing means rays are traced only along a physically realizable
path until they intercept an object. The ray then refracts, reflects, or is absorbed,
depending upon the properties of the object struck. The ray then continues on a new
path. In non-sequential ray tracing, rays may strike any group of objects in any order,
or may strike the same object repeatedly; depending upon the geometry and properties
of the objects.
In ZEMAX, each surface can be defined by different parameters like the radius of
curvature, thickness, material, etc. In eye simulations, the most commonly used optical
surface is spherical. The sphere is centered on the optical axis, with the vertex located
at the axis position. ZEMAX treats planes as a special case of the sphere (a sphere
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with an infinite radius of curvature) and conics as a special case as well. The "sag" or
z-coordinate of the standard surface is given by

Z =
cr2

1 +
√
1− (1 + k)c2r2

(3.4)

where c is the curvature (the reciprocal of the radius), is the radial coordinate in lens
units, and is the conic constant. The conic constant is less than -1 for hyperbolas, -1
for parabolas, between -1 and 0 for ellipses, 0 for spheres, and greater than 0 for oblate
ellipsoids.
This formula is used to design simple spherical intraocular lenses, but to design
aspherical IOLs, we should change the formula and add new terms to it. Rotationally
symmetric polynomial aspheric surfaces are described by a polynomial expansion of
the deviation from a spherical (or aspheric described by a conic) surface. The aspheric
surface model uses the radial coordinate to describe the asphericity. The model uses
the base radius of curvature and the conic constant. The surface sag is given by

Z =
cr2

1 +
√
1− (1 + k)c2r2

+
n∑

i=1

αir
i (3.5)

On the other hand, toric intraocular lenses are simulated by biconic surfaces. The
biconic surface is similar to the standard surface, except the conic constant and base
radius may be different in the X and Y directions. The sag of a biconic surface is given
by

Z =
cxx

2 + cyy
2

1 +
√
1− (1 + k)c2xx

2 − (1 + k)c2yy
2

(3.6)

In order to simulate alternative intraocular lens designs like EDOF IOLs, Zernike
polynomials are added to the sag equation. The Zernike standard sag surface is
defined by the same polynomial as the aspheric surface (which supports planes, spheres,
conics, and polynomial aspheres) plus additional aspheric terms defined by the Zernike
Standard coefficients. The surface sag is of the form

Z =
cr2

1 +
√

1− (1 + k)c2r2
+

n∑
i=1

αir
i +

N∑
i=1

AiZi(ρ, φ) (3.7)
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where N is the number of Zernike coefficients in the series, Ai is the coefficient on the
ith Zernike standard polynomial, r is the radial ray coordinate in lens units, ρ is the
normalized radial ray coordinate, and φ is the angular ray coordinate.
Simulating multifocal diffractive IOLs is much more challenging since in diffractive
IOLs, a structure is placed on the lens surface where the shape of the structure is
chosen to intentionally induce diffraction so that the waves exiting the lens will have
constructive interference at distinct foci. Therefore, it is impossible to describe surface
topography with a single equation.
So far, the explanations given were for surfaces with normal refractive indices. However
these surfaces are not accurate enough to represent the internal structure of the
crystalline lens in the phakic eye. In order to simulate the crystalline lens, the gradient
surface type should be utilized. the gradient surface has the same shape as the standard
surface, with media whose index of refraction is described by

n = n0 + nr2r
2 + nr4r

4 + nr6r
6 + nz1z + nz2z

2 + nz3z
3 (3.8)

where r2 = x2 + y2. This surface is suitable to simulate the crystalline lens of the
human eye. Eight parameters are required: the maximum step size, ∆t, the base
index, n0 and the remaining six coefficients of the preceding equation. The maximum
step size ∆t determines the trade-off between ray tracing speed and accuracy. It should
be noted that some of the coefficients have units. Table 3.1 and Table 3.2 list all the
relevant parameters of the proposed phakic and pseudophakic model eye. Note that
the IOL in this table 3.2 is a basic monofocal aspheric IOL with an equivalent power
of 20 D.
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3.6 State of research

The main purpose of this simulation study is to increase the prediction accuracy of the
optical performance of the human eye and can help us to model visual errors before
and after cataract surgery. To achieve this goal, several ray-tracing simulations of
phakic and pseudophakic eyes were done. All of them attempt to evaluate the optical
performance of the patient’s eye in uncommon conditions before or after cataract
surgery.

3.6.1 Lateral position of the intraocular lens

Predicting the postoperative axial position of the IOL in the eye based on preoperative
measurements is crucial for the selection of the IOL refractive power. On the other
hand, predicting the lateral position of the IOL is a tool to measure the optical
aberrations of pseudophakic eyes. A pseudophakic eye with optical aberrations will
produce a blurred image on the retina. Low-order optical aberrations like defocus
and astigmatism are common in the human eye. Besides these two, there also exist
high-order optical aberrations in the human eye system.
The position of the IOL can currently only be predicted by empirical estimates. There
are no physiologically or physically justified descriptions of the healing process and
its effects on lateral IOL position considering different haptic geometries and optic
designs of the IOL. In order to improve the prediction of the lateral IOL position and
its effect on the optical performance of the eye, some parameters were adapted to the
prediction formulas. The parameters provided for this are referred to as IOL constants.
These IOL constants are based on the refractive results of a large number of operations
with the same IOL model in such a way that the mean prediction error is as small as
possible. This increases the prediction accuracy [82]. Consequently, optimization of
the IOL constants is recommended [83]. In addition to optimizing IOL constants, they
can be customized (personalized) specifically for a surgeon, specific patient groups, or
biometric devices.
Before optimization, predicting the impact of the IOL displacement on the optical
performance of the eye is crucial. With this prediction, it is possible to prioritize the
aims of IOL’s optics and haptics optimization. In order to be able to assess not only
the influence of the IOL on the refraction of the postoperative eye but also its influence
on higher-order aberrations, the description in the approximation of a thin IOL is not
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sufficient.
With the help of ZEMAX simulations (sequential mode), it is possible to simulate the
misaligned conditions of IOLs and their effects on the optical performance of the eye
after cataract surgery. To achieve more accuracy in simulations, realistic design data
from a commercialized IOL patent is used in simulations. However, the simulations
can be even more realistic by using corneal surface tomography of the patients instead
of using the average corneal shape reported by the statistical studies.

3.6.2 Individualized corneal surface geometry

Generally, IOLs are designed, optimized, and tested with model corneas. Model
corneas have the potential to provide a better understanding of the average biometry
of the human cornea. In general, the central cornea can be seen as a sphere. This is
the reason why the cornea has been assigned as a sphere in the traditional calculation.
However, the measurement data from modern ophthalmic devices show that the corneal
shape cannot simply be seen as a sphere if a larger area of measurement is considered.
In a larger area, the corneal shape can be deformed from a sphere by introducing
asphericity into the corneal representation.
Even with the IOLs designed with this representation, the residual deformation errors
in some patients’ cornea might lead to minor visual problems like glare and halos. To
solve this problem, some other corneal representations were proposed, which vary from
patient to patient. This demands a more sophisticated cornea model including high-
order components. However, it is crucial to understand whether our surface model
with high-order components is robust enough to reliably represent the characteristics
of the surface.[84, 85]
The standard way for wavefront analysis is the Zernike polynomial decomposition.
These polynomials could also be used for the representation of a corneal surface. It
is considered to be particularly robust against measurement noise. The problem for
such high-order polynomial fitting is the appropriate order. For representing the high-
order part of the corneal surface, the order of such polynomials should be high enough
to describe detailed surface information. But, a higher order of the polynomial used
means a more rough surface representation. Besides, the larger number of degree of
freedom in the surface fit might negatively impact the robustness of the surface fit
[86].
Based on the fact that the corneal surface is smooth, a high order polynomial induced
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local fluctuation is not acceptable. However, a low order will not provide real superiority
compared to the statistical representations. Another drawback of such a polynomial
fit is that it is a global representation and it cannot deal with local changes. This is the
reason why fluctuations are becoming sufficient to deteriorate the surface smoothness
if the polynomial order is too high. Therefore, certain corneal pathologies can only be
reproduced with sufficient accuracy by a very high degree of polynomials.
Evaluating the smoothness of a surface represented using Zernike polynomials involves
several approaches. One way to start is by visually inspecting the reconstructed surface
and comparing it to the original or expected smoothness criteria. This qualitative
assessment can give you an initial idea of how well the surface conforms to smoothness
standards. It is also possible to calculate residuals by subtracting the Zernike surface
representation from the original surface data. Large residuals at specific points or
regions may indicate deviations from smoothness, and visualizing these residuals with
color maps or contour plots can help identify problematic areas.
There are other approaches to evaluate surface smoothness such as root mean square
(RMS) error, coefficient distribution, surface derivatives, curvature analysis, and samp-
le density. It should be mentioned that the choice of Zernike polynomial degree and
the number of coefficients used can affect the representation’s ability to capture surface
smoothness. Adjusting these parameters may be necessary to achieve a smoother fit.
Studies showed that the advantage of such a change in corneal representation is that
the individualized IOL designs are more reliable and accurate. However, the process
of optimal fitting of Zernike polynomials to corneal height data is the main objective
of our study.

3.6.3 Postoperative photic effects

Investigating the postoperative unwanted visual artifacts on the retina is an approach
to understanding the causes of patient dissatisfaction after uncomplicated cataract
surgery. There are several theories to explain this phenomenon but the exact nature
of these events is incompletely understood, but there are many different theories with
both clinical and laboratory evidence to support them. It seems that the leading
hypotheses as to the cause of these photic effects currently include the shape, size,
index of refraction, and material makeup of the intraocular lens [36, 87, 88].
One of the risk factors for these photic effects includes IOL edge design, such as
truncated-edge IOLs (including both square and oval lenses), and the optical properties

45



3 Background

of the edge surface. There is no definitive prevention method against postoperative
unwanted photic effects. There is no definitive method for the prevention of these
photic phenomena, but certain modifications in the edge design can reduce these
effects. The other risk factor is the optic diameter of the IOLs. Studies showed
that 7.0 mm optic diameter and plate haptics can reduce these photic effects.
The main purpose of our study is to simulate postoperative photic effects and the
influence of the edge design on their intensity and shape of them. With the help
of ZEMAX simulations (non-sequential mode), it is possible to simulate the visual
artifacts generated from reflection or transmission through the edge surface of IOLs.
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5 Discussion

The ray tracing and theoretical models were constructed similarly to the study of
the IOL alignment and the effect of misalignment on the fixation axis and refraction.
The limitations of these models were largely the same. The models differ in their
representation of the cornea and the implementation of the virtual iris.
There are several mathematical and statistical models to represent the corneal surfaces.
None of them can perform exactly as an individualized patient’s cornea. Only with
spherical corneal representation, the residual wavefront error might lead to inaccurate
calculations. In addition to the asymmetries and local deformations in the surface
geometry of the individualized corneas, the thickness of the corneal tissue differs from
patient to patient. There is also another issue that should be addressed. An angle
between the corneal axis and the crystalline lens axis can be observed by anterior
segment tomography. In most of the model’s eyes, this angle is ignored.
These neglected factors could be critical for the new ray tracing model, especially when
the corneal surfaces are represented with a conic surface. Moreover, in pseudophakic
eyes, the implantation of an artificial lens using a small incision can slightly change the
shape of the cornea and thereby influence the aberrations. The spherical aberration is
quite stable, and astigmatism changes according to the position of the corneal incisions,
while other aberrations (coma, trefoil) change in an unpredictable manner. Corneal
shape fluctuations also limit the calculation accuracy for customized IOLs, in addition
to IOL alignment errors. This is because alignment errors of the corneal surfaces could
not be completely compensated for by the object point correction since the virtual
fovea of the ray tracing models was always positioned on the video keratometry axis.
With all this, we can conclude that the corneal surface shape and thickness will affect
the optical path length of a single ray. In pathological corneas, such as keratoconus,
poor accuracy of the models results in a larger approximation error. In addition to
possibly less accurate biometry in pathological eyes, the position estimation becomes
less reliable for the keratoconus group, and the uncertainty of the selection of the
IOL refractive power increases. Because the general methods were developed for the
statistical average of normal eyes in healthy conditions. Therefore the closer our models
are to the real eye structure, the more accurate the wavefront analysis and position
estimation will be.
Our solution was to introduce some appropriate mathematical functions for suitable
corneal representation. Zernike polynomials are often used for the analysis of optical
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wavefronts. But it is beneficial to expand their use for modelling the height data of
the corneal surfaces. The advantage of their use is that they can represent any unique
corneal surface with asymmetries and deformations. Therefore, creating eye models
with real patient data using Zernike polynomials can lead us to simulate more accurate
models of realistic eyes and evaluate their optical performance separately.
One of the primary benefits of this representation is its ability to detect early signs of
keratoconus. By accurately analysing the cornea, the Zernike polynomials can model
even subtle changes in the cornea that may indicate the presence of keratoconus. This
is important because early detection of keratoconus can allow for earlier intervention
and better outcomes for patients. This method is also functional in differentiating
keratoconus from other conditions that may present with similar symptoms, such as
corneal dystrophies or corneal scarring. By comparing the minimum required Zernike
terms of different patients, it is possible to intuitively recognize the pathological
corneas. This can help ophthalmologists develop more accurate and effective treatment
plans for their patients.
In addition to detecting keratoconus, this mathematical approach is also useful in
monitoring the progression of the condition over time. By regularly monitoring the
Zernike terms, ophthalmologists can make adjustments to treatment plans as needed
and provide more effective care for their patients. Moreover, based on the fact that the
corneal surface is typically a very smooth surface, with this representation it is possible
to eliminate the measurement errors by choosing the appropriate number of Zernike
terms. The number of the Zernike polynomials should be high enough to describe
the detailed surface information of each patient, but low enough to not represent
unwanted local roughness of the surface. So the issue that should be taken into account
is the sufficient accuracy of the measurement data. Using Zernike representation
or representation with polynomials, in general, has several other disadvantages that
should also be mentioned. These disadvantages include:
Limited Spatial Resolution: Polynomials can struggle to represent high-frequency
surface details or sharp transitions accurately. This limitation makes them less suitable
for describing surfaces with fine features.
Global Representation: Polynomials represent the entire surface with a single set of
coefficients. This global representation may not be ideal for surfaces with varying
characteristics across different regions.
Non-Intuitive Parameters: The coefficients of polynomials do not have an unequivocal
physical interpretation, making it challenging to relate them to specific surface features.
In addition to the surface representation with polynomials, there are various other
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kinds of surface representations available, including Subdivision Schemes, Splines,
Gaussian Process Representations, Fourier Transforms, Implicit Surfaces, and Point
Clouds. The choice of surface representation depends on the specific application and
the characteristics of the surface being modeled. Different representations offer varying
levels of accuracy, ease of manipulation, and computational efficiency. Therefore, it
is crucial to select the most suitable one for a given task. In the end, the Zernike
representation allows optical designers to import realistic corneal topographic data
to optical design software such as ZEMAX Optics Studio or OSLO. The ZEMAX
import function which is used in this study is available in Appendix A1. In conclusion,
Evaluating the effects of corneal biometry on the optical performance of the eye leads
us to design individualized IOLs for correcting refractive errors. However, corneal
biometry is not the only variable that can influence the accuracy of the model eye.
In the ray tracing and theoretical models, all eyes receive the same iris representation
by weighting the rays based on the distance to the pupil center. With a slightly tilted
or decentered lens, the iris weighting moves so that the entire optical performance is
affected. As a result. once again the uncertainty of the models limits the accuracy of
the wavefront that can be reconstructed in the phakic and pseudophakic individualized
eyes. In order to neutralize the effect of the iris weighting displacement, the foveal
position is assumed to be fixed in our simulations. With this setting, all the ray
bundles are forced to focus on the fovea. Therefore, any tilt or decentration of the lens
can not affect the iris weighting function. However, these lens displacements change
the incident angle accordingly.
Another factor that can cause refractive errors and influence the optical performance
of the eye is the position of the lens inside. In order to increase the accuracy of
the model eye, this issue should not be neglected. In realistic conditions, we cannot
expect that the IOL is implanted exactly at its perfect position. Therefore, there
is always a chance of IOL misalignment in cataract surgery. IOL misalignment may
sometimes be caused by incorrect IOL placement at the time of surgery, occasionally by
preoperative miscalculation, but it mostly occurs due to spontaneous rotation shortly
after implantation. Postoperative rotation may be due to lens design issues, such as
slippery materials or haptics that are too small for the capsular bag or to capsular
bag issues. The capsular bag equator is often elliptical rather than circular and the
haptics tend to seek out the longer axis.
Generally, it is possible to categorize the lens position in both phakic and pseudophakic
eyes as axial and lateral. The axial position of the lens has a significant effect on the
effective focal length, visual acuity, and depth perception. On the other hand, lateral
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misalignment of the lens can induce other aberrations in addition to the defocus.
Usually, an optical system with decentered or tilted elements exhibits aberrations that
can be neglected in centered systems. In addition to the astigmatism of tilted bundles,
a coma error also occurs, revealing itself in the image plane in a pattern like a comet
tail, and the focus moves in an axial direction, changing the optical system’s refractive
power. In order to evaluate the effects of lens misalignment on refractive errors of
the eye, a simulation approach was chosen based on a modern non-centered schematic
eye model (Liou-Brennan). The reason for choosing this asymmetric model eye is
in the human eye due to the eccentric position of the fovea, there is no symmetry
in the horizontal direction, and the Liou-Brennan model eye is one of the models
that considers this. In the human eye, the place of the sharpest vision deviates
temporally from the posterior pole. Thus, the eye’s visual axis is inclined about 4
-7° in the horizontal direction. In the Liou-Brennan eye, the input beam is tilted by
5° horizontally. Therefore the effect of lens misalignment is not similar in different
directions. The effect of lens decentration and tilt on retinal image quality has
been extensively studied in the past in simulations and clinical studies. The isolated
consideration of decentration and tilt of the lens is an unrealistic simplification, and
the combination of both may increase or decrease the impairment of the imaging
performance. Our simulations were performed to analyze the effect of combined lens
decentration and tilt on the optical performance of phakic and pseudophakic eyes. The
horizontal direction for the decentering and the tilting around the vertical axis was
chosen since the eye does not show any symmetry in the horizontal direction anyway
due to the tilting of the visual axis.
In both phakic and pseudophakic eyes, for clearly positive decentration and tilting
values, the highest positive value occurs in the defocus, and the highest positive value
occurs in regular astigmatism. The values of defocus and astigmatism are significantly
higher in the pseudophakic eye compared to the phakic eye. In the case of the
horizontal coma, the characteristics of the phakic and pseudophakic eye are different
from defocus and astigmatism. There is symmetry between the positive and negative
coma in the phakic eye but not in the pseudophakic eye. The imaging quality in the
phakic and pseudophakic eyes deteriorates significantly when the lens is decentered
in the horizontal direction and tilted about the vertical axis. It should be mentioned
that to make the simulations as realistic as possible, in the pseudophakic simulation,
the IOL model simulated was inspired by the Tecnis Z9000 design since this IOL is
widespread and the design data was published by the Tecnis company.
The simulations show that in cataract surgery with the implantation of an artificial
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lens, a refractive error is to be expected whenever the haptic plane of the artificial lens
is decentered or tilted about the equatorial plane of the natural eye lens. Astigmatism
caused by this refraction error can’t be explained primarily by corneal astigmatism
as measured by keratometry, topography, or tomography. However, in addition to
the correctable refractive errors of defocus and astigmatism, a significant imaging
error also occurs with the coma, which cannot be corrected with classic correction
methods such as glasses or contact lenses. It should be noted here that the reference
parameters used in the optical simulations are based on statistical studies and cannot
be expected to achieve the same results with individualized corneal tomography and
different IOLs. However, it can be concluded that in addition to the measurement
uncertainties of the corneal biometrics and the permissible manufacturing tolerance
for artificial lenses, IOL misalignments can be one of the causes of the limitation of
the prediction accuracy of modern cataract surgery.
So far with a combination of IOL models and corneal topographies, it is only possible
to model most of the potential refractive errors of cataract surgery for any patient to
a realistic extent. Considering the fact that not all of the visual errors originate from
the refraction of light from the IOL, it is also required to model additional visual errors
originating from other interactions of light and IOL. In addition to refractive errors,
some other photic phenomena can influence the visual performance of the human eye.
These phenomena could be the consequence of other interactions (instead of refraction)
between light and the eye. Several studies have investigated IOL positioning and
design to reduce photic effects. The location and relative intensity of photic effects
can be affected by the IOL edge design, as reported by Holladay et al. Additionally,
it has been reported that modifying the IOL design (having a peripheral concave
posterior surface) produces more homogeneous lighting of the peripheral nasal retina
and may subsequently decrease negative dysphotopsia. As a result, modifying the
optical properties of the IOLs’ different surfaces can be one of the approaches to
reducing photic effects.
The main interactions between light and the different components of the eye are
transmission, scattering, and absorption. These interactions can cause the detection
of photic phenomena that are not directly correlated to the imaging of an object.
Therefore, the exact amount of visual disturbance is unpredictable and varies from
patient to patient. But ray tracing simulations of these photic effects with standard
models can predict them under statistically frequent conditions (Liou-Brennan eye
model and Z9000 IOL model).
In order to have a better evaluation, the ray tracing results are categorized based on
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their shape and intensity. It has been observed that several photic patterns shift in
shape as the incident ray angle increases, moving from the nasal part of the retina
to the retina’s centre. Similar to this, some other photic patterns with various sizes
and shapes located in the center moved temporally at the retina. The same behaviour
with a different quality was observed when the clear optical diameter of the simulated
IOL increased from 6 mm to 7 mm. Therefore, regardless of IOL size, there should be
a specific incident angle where photic effects end up in the foveal region. Additionally,
it is observed that the photic effects disappear in the nasal region of the retina with
a thin-edge design. Therefore, it can be concluded that the edge surface of the IOL
generates this group of photic effects. Since the thin-edge IOLs are unrealistic (there
should be a minimum edge thickness for haptics), the simulations continued with thick-
edge IOLs. To put it in a nutshell, the bigger and thicker IOLs generate larger and
more intense photic patterns on the central region of the retina respectively. On the
other hand, the smaller and thinner IOLs can cause larger and more intense photic
patterns on the peripheral region of the retina.
By changing the optical properties of the IOL’s edge surface, it is possible to change
or eliminate the specific incident angle at which photic effects appear on the fovea.
This approach can also help us categorize the photic effects based on their origin.
Accordingly, they can be identified from the reflection, transmission, or scatter of light
from the edges. Moreover, by eliminating the photic effect originating from the edges
with an absorbing edge design, it is also possible to identify the ray bundle that passes
through the interspace between the IOL and pupil. As a result, changing the edge
design has no impact on this group of photic patterns located in the periphery of the
nasal region. Investigating only the shape and origin of the photic effects cannot be
sufficient to understand whether they are disturbing for the patients or not. Because
some parts of the retina are more or less sensitive to light than others, there should be
a correlation between the location of the photic effects and the severity of the patient’s
visual disturbance. The other key factor in experiencing visual disturbance from photic
effects is their intensity. If the intensity of the photic effects is too low, they cannot be
detected by the patients. Therefore, photic effects cause no visual disturbance, even if
they end up in the foveal region (the most sensitive region of the retina).
In addition to the detector located at the pupil, three supplementary intensity detectors
are implanted in different regions of the model eye to measure the intensity of light in
each region. These three additional detectors are located at the IOLs’ edge surface,
the periphery of the nasal side of the retina, and the fovea, separately. With these
three additional detectors, it is possible to calculate the intensity of the photic effects
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which are categorized by their origin before. Moreover, by normalizing the measured
intensity by the total intensity passing through the pupil, we can predict whether the
photic effects’ intensity can cause visual disturbance after cataract surgery or not.
In the end, the combination of these four simulation studies helps us to have more
accurate models which can partially predict the impacts of the imperfection of the
corneal surfaces, IOL design and alignment, and ocular biometry in different incidence
angles on the visual performance of the patients. This study has the character of a
pilot study and our principal aim has been to inform ophthalmologists about potential
postcataract visual errors. The simulations do not have 100% accuracy and can not
replicate a patient eye completely but the author made an attempt to upgrade common
eye models to individualized eye models which differentiate from patient to patient.
Our simulation models also have some limitations that should be addressed.

5.1 Limitations of our study

The accuracy of the modelling of individualized eyes is limited by the measurement
uncertainties of the refractive index, uncertainties in the axial length measurement,
fluctuations in the corneal shape and uncertainties in the positioning of the virtual
fovea in the ray tracing model. While the measurement uncertainty of the refractive
indices primarily affects the refractive index of the IOL and the fluctuations in the
corneal shape represent a decisive limitation for the imaging performance that can
be achieved with individualized model eyes. In certain circumstances, an additional
assessment of the effects of cataract surgery on the corneal geometry may be helpful.
However, the major limitations contain the representation the corneal surfaces with
polynomials. Generally, the Zernike representation has a limited spatial resolution.
This refers to the inherent difficulty of accurately capturing high-frequency details or
sharp transitions on a surface using Zernike polynomials. This limitation arises due
to the specific mathematical properties of Zernike polynomials, which are primarily
designed for describing smoothly varying surfaces. In some specific cases with a single
off-centre irregularity in the surface like corneal scar, a local representation using
different approaches like subdivision or Gaussian process is much more functional.
The next largest source of uncertainties after the fluctuations in the corneal shape, is
the positioning of the virtual fovea (axial length of the eye). An extension of the ray
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tracing models by estimating the relative position of the fovea to the video keratometry
axis can reduce these uncertainties.
Moreover, most of the IOL manufacturers do not present references confirming their
common designs. Therefore for most of the IOL models, it is possible to evaluate their
optical performance of them after cataract surgery in the individualized simulation
models. But this study can help IOL manufacturers to predict postoperative visual
errors partly.

5.2 Conclusions and Outlook

This work used ray-tracing models to simulate individualized phakic and pseudophakic
eyes. These models help us to predict potential refractive and visual errors after
cataract surgery. The first benefit of these prediction models is reducing cataract
surgery risks. Moreover, more accurate models help eye surgeons to choose more
compatible IOL models for patients. On top of that, individualized ray-tracing models
are a great tool to calculate some of the visual errors which are not possible to measure
with an experimental or clinical ophthalmic device.
These ray-racing models could also improve the calculation and design of individualized
IOLs. With the help of these models, individualized IOLs with free-form optics for
aberration correction can be effectively determined in normal eyes and keratoconus
eyes. The individualization of IOLs currently used in everyday clinical practice is
limited to the selection of toric IOLs with appropriate correction of astigmatic and
spherical aberrations. But with more accurate models, it is possible to design aberration
correcting IOLs for each patient. Compared to the standard IOL, the individualized
IOL showed a particularly large reduction in the wavefront aberrations in the eyes
of keratoconus patients. It has been established that IOL alignment errors are key
determinants of image quality that can be achieved with the help of individualized
IOLs. A better prediction of the IOL orientation could improve the calculation of
the individualized IOL. At the same time, haptic geometries for the IOL should be
designed in such a way that decentration is minimized.
Moreover, many keratoconus patients are relatively young and are not candidates for
cataract surgery. They could benefit from treatment with a phakic IOL, which is
implanted in the eye in addition to the natural lens to compensate for the aberrations.
The accommodation is preserved.
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The optics of such a phakic IOL can be individualized based on similar ray tracing
models as was done here for pseudophakic eyes. Other groups of patients who may
benefit particularly strongly from individualized models are patients after a corneal
transplant, after refractive surgery or with other corneal pathologies. With the help
of these models, it is possible to calculate the optical performance of their eyes more
accurately.
In conclusion, individualized prediction eye models are beneficial in several aspects
but they can not represent a patient’s eye completely. Therefore, further investigation
studies are required to make them even more accurate.
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7 Abbreviations and Mathematical
Symbols

Abbreviations

IOL Intraocular lens
dpt Diopter
OCT Optical coherence tomography
AS-OCT Anterior segment optical coherence tomography
LASIK Laser assisted in situ keratomileusis
PCO Posterior capsule opacification
YAG Yttrium Aluminum Garnett
PD Positive dysphotopsia
ND Negative dysphotopsia
ACD Anterior chamber depth
RGP Rigid gas permeable
PMMA Polymethyl methacrylate
MF Multifocal
EDOF Extended depth of focus
ELP Effective lens position
AL Axial length
RNFL Retinal nerve fiber layer
AMD Age-related macular degeneration
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Mathematical Symbols

P Intraocular lens power
nEye Refractive index of the eye
nCornea Refractive index of the Cornea
AL Axial length
ELP Effective lens position
K Keratometry value
Ref Target Refraction
R Radius of the cornea
d Distance between the reflective surface and the object
O Object size
I Image size
Z Surface sag
c Surface curvature
cx Surface curvature cross the x-axis
cy Surface curvature cross the y-axis
r Radial ray coordinate in lens units
x Ray coordinate on the x-axis
y Ray coordinate on the y-axis
k Surface conic constant
αi Polynomial aspheric coefficient
N Number of Zernike coefficients
Ai Coefficient on the ith Zernike standard polynomial
ρ Normalized radial ray coordinate
φ Angular ray coordinate
z Z coordinate along the optical axis
n0 Base refractive index
nri, nzi Index coefficients for a parabolic gradient
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10 Appendix

10.1 MATLAB Code: CASIA 2 Import Function

clc;
close all;
clear all;
verzeichnis = ’File Directory’;
%% Importing Data
filename = strcat(verzeichnis,’CASIA2 File name’); %Indicate File Name
R = importfile(filename,25,56); %Radius Data [mm]
radius=4; % 4mm or 5mm
pixel=radius*50;
R = [zeros(32,1),R];
R1=R./radius; %Normalization

ZA = importfile(filename,410,441);%Anterior Height [um]
ZA = ZA(1:32,1:pixel);
ZA = [zeros(32,1),ZA];
ZA = ZA*10e-4;%Anterior Height [mm]

ZP = importfile(filename,445,476);%Posterior Height [um]
ZP=ZP-ZP(1,2);%Remove offset
ZP = ZP(1:32,1:pixel);
ZP= [zeros(32,1),ZP];
ZP= ZP*10e-4;%Posterior Height [mm]

%% Creating a Matrix for Meridians
T = (0:pi/16:31*pi/16).*ones(1,pixel+1);

%% Calculating Zernike Coefficients
Data=ZP;%ZA for Anterior and ZP for Posterior
R1=reshape(R1,[],1);
T1=reshape(T,[],1);
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DataA=reshape(Data,[],1);
n=12; %Indicate the maximum radial degree
ad1,nm1=zernmodfit(R1,T1,DataA,n);

%% Reconstructing the Surface and Calculate STD
Nz = size(ad1,1);
z1=zeros(size(R1,1),1);
error = zeros(1,Nz);
for k = 1:Nz
z1=...
z1 + ad1(k,1)*zernfun(nm1(k,1),nm1(k,2),R1,T1 + ad1(k,2));
Delta1=DataA-z1;
error1(1,k)=std(Delta1);
end

%% Extracting Standard Zernike Coefficients
zern=zeros(1,91);
zern(1)=ad1(1,1); %Piston
zern(2)=(1/sqrt(4))*ad1(2,1)*cos(+1*ad1(2,2));%Tilt x
zern(3)=(1/sqrt(4))*ad1(2,1)*sin(-1*ad1(2,2));%Tilt y
zern(4)=(1/sqrt(3))*ad1(3,1);%Defocus
zern(5)=(1/sqrt(6))*ad1(4,1)*sin(-2*ad1(4,2));%Astigmatism x
zern(6)=(1/sqrt(6))*ad1(4,1)*cos(+2*ad1(4,2));%Astigmatism y
zern(7)=(1/sqrt(8))*ad1(5,1)*sin(-1*ad1(5,2));%Coma x
zern(8)=(1/sqrt(8))*ad1(5,1)*cos(+1*ad1(5,2));%Coma y
zern(9)=(1/sqrt(8))*ad1(6,1)*sin(-3*ad1(6,2));%Trefoil x
zern(10)=(1/sqrt(8))*ad1(6,1)*cos(+3*ad1(6,2));%Trefoil y
zern(11)=(1/sqrt(5))*ad1(7,1);%Primary Spherical
zern(12)=(1/sqrt(10))*ad1(8,1)*cos(+2*ad1(8,2));%Secondary Astigmatism x
zern(13)=(1/sqrt(10))*ad1(8,1)*sin(-2*ad1(8,2));%Secondary Astigmatism y
zern(14)=(1/sqrt(10))*ad1(9,1)*cos(+4*ad1(9,2));%Quadrafoil x
zern(15)=(1/sqrt(10))*ad1(9,1)*sin(-4*ad1(9,2));%Quadrafoil y
zern(16)=(1/sqrt(12))*ad1(10,1)*cos(+1*ad1(10,2));
zern(17)=(1/sqrt(12))*ad1(10,1)*sin(-1*ad1(10,2));
zern(18)=(1/sqrt(12))*ad1(11,1)*cos(+3*ad1(11,2));
zern(19)=(1/sqrt(12))*ad1(11,1)*sin(-3*ad1(11,2));
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zern(20)=(1/sqrt(12))*ad1(12,1)*cos(+5*ad1(12,2));
zern(21)=(1/sqrt(12))*ad1(12,1)*sin(-5*ad1(12,2));
zern(22)=(1/sqrt(7))*ad1(13,1);
zern(23)=(1/sqrt(14))*ad1(14,1)*sin(-2*ad1(14,2));
zern(24)=(1/sqrt(14))*ad1(14,1)*cos(+2*ad1(14,2));
zern(25)=(1/sqrt(14))*ad1(15,1)*sin(-4*ad1(15,2));
zern(26)=(1/sqrt(14))*ad1(15,1)*cos(+4*ad1(15,2));
zern(27)=(1/sqrt(14))*ad1(16,1)*sin(-6*ad1(16,2));
zern(28)=(1/sqrt(14))*ad1(16,1)*cos(+6*ad1(16,2));
zern(29)=(1/sqrt(16))*ad1(17,1)*sin(-1*ad1(17,2));
zern(30)=(1/sqrt(16))*ad1(17,1)*cos(+1*ad1(17,2));
zern(31)=(1/sqrt(16))*ad1(18,1)*sin(-3*ad1(18,2));
zern(32)=(1/sqrt(16))*ad1(18,1)*cos(+3*ad1(18,2));
zern(33)=(1/sqrt(16))*ad1(19,1)*sin(-5*ad1(19,2));
zern(34)=(1/sqrt(16))*ad1(19,1)*cos(+5*ad1(19,2));
zern(35)=(1/sqrt(16))*ad1(20,1)*sin(-7*ad1(20,2));
zern(36)=(1/sqrt(16))*ad1(20,1)*cos(+7*ad1(20,2));
zern(37)=(1/sqrt(9))*ad1(21,1);
zern(38)=(1/sqrt(18))*ad1(22,1)*cos(+2*ad1(22,2));
zern(39)=(1/sqrt(18))*ad1(22,1)*sin(-2*ad1(22,2));
zern(40)=(1/sqrt(18))*ad1(23,1)*cos(+4*ad1(23,2));
zern(41)=(1/sqrt(18))*ad1(23,1)*sin(-4*ad1(23,2));
zern(42)=(1/sqrt(18))*ad1(24,1)*cos(+6*ad1(24,2));
zern(43)=(1/sqrt(18))*ad1(24,1)*sin(-6*ad1(24,2));
zern(44)=(1/sqrt(18))*ad1(25,1)*cos(+8*ad1(25,2));
zern(45)=(1/sqrt(18))*ad1(25,1)*sin(-8*ad1(25,2));
zern(46)=(1/sqrt(20))*ad1(26,1)*cos(+1*ad1(26,2));
zern(47)=(1/sqrt(20))*ad1(26,1)*sin(-1*ad1(26,2));
zern(48)=(1/sqrt(20))*ad1(27,1)*cos(+3*ad1(27,2));
zern(49)=(1/sqrt(20))*ad1(27,1)*sin(-3*ad1(27,2));
zern(50)=(1/sqrt(20))*ad1(28,1)*cos(+5*ad1(28,2));
zern(51)=(1/sqrt(20))*ad1(28,1)*sin(-5*ad1(28,2));
zern(52)=(1/sqrt(20))*ad1(29,1)*cos(+7*ad1(29,2));
zern(53)=(1/sqrt(20))*ad1(29,1)*sin(-7*ad1(29,2));
zern(54)=(1/sqrt(20))*ad1(30,1)*cos(+9*ad1(30,2));
zern(55)=(1/sqrt(20))*ad1(30,1)*sin(-9*ad1(30,2));
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%% Ploting STD
figure (1)
semilogy(error1)
xline(2,’–r’,’n=2’)% Radial degree 2
xline(4,’–r’,’n=3’)% Radial degree 3
xline(6,’–r’,’n=4’)% Radial degree 4
xline(9,’–r’,’n=5’)% Radial degree 5
xline(12,’–r’,’n=6’)% Radial degree 6
xline(20,’–r’,’n=7’)% Radial degree 7
xline(25,’–r’,’n=8’)% Radial degree 8
xline(30,’–r’,’n=9’)% Radial degree 9
xline(36,’–r’,’n=10’)% Radial degree 10
xline(42,’–r’,’n=11’)% Radial degree 11

%% Ploting the Constructed and Reconstructed Cornea
z11=reshape(z1,32,pixel+1);
figure (2)
subplot(1,2,1);
surf(R,T,ZA);
subplot(1,2,2);
surf(R,T,z11);
cummean=zeros(1,pixel*1);
cummedian=zeros(1,pixel*1);
cummax=zeros(1,pixel*1);
for i=1:pixel+1
cummean(i)= mean(mean(abs(Data(:,1:i)-z11(:,1:i))));
cummedian(i) = median(median(abs(Data(:,1:i)-z11(:,1:i))));
cummax(i)=max(max(abs(Data(:,1:i)-z11(:,1:i))));
end
figure (3)
yourx=R(1,:);
plot(yourx,cummean,yourx,cummedian,yourx,cummax)
yourindex= -4<yourx & yourx<4;
plot(yourx(yourindex),cummean(yourindex),yourx(yourindex),cummedian(yourindex))
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%% Exporting Data for ZEMAX
N= 91;
imzern=zeros(N+2,1);
imzern(1,1)=N;
imzern(2,1)=radius;
imzern(3:N+2,1)=zern(1,1:N);
writematrix(imzern,’Any Name.dat’,’Delimiter’,’ ’);

10.2 MATLAB Code: Zernike Fitting Function

function [ad,varargout] = zernmodfit(r,theta,data,N)
%ZERNMODFIT Fit data to a modified Zernike basis.
AD = ZERNMODFIT(R,THETA,DATA,N) returns a two-column matrix containing
the modal coefficients A and rotation angles (orientation axes) D for DATA expressed
at the coordinate locations (R,THETA) within the unit disk. The A and D are
computed for all [n m] modes with n = 0 to N, and m = 0:2:n for even n, m =
1:2:n for odd n. R, THETA, and DATA must be vectors, and must contain the same
number of elements. N must be a positive integer.

%[AD,NM] = ZERNMODFIT(R,THETA,DATA,N) returns a 2-column matrix NM
containing the [n m] mode numbers associated with each (coefficient, angle) pair in
the array AD.

%Note: For the m > 0 modes, the computed Zernike coefficients A are always positive,
since the orientation axis D for each mode can always be chosen so as to make them
positive. For the m = 0 modes, which have no angular dependence, the coefficients
can be both positive and negative.

if ( any(size(r )) == 1 ) || . . .
( any(size(theta)) == 1 ) ||. . .
( any(size(data )) == 1 )
error(’zernmodfit:NMvectors1’,’The inputs R, THETA, and DATA must all be vectors.’)
end
if ( numel(r) = numel(theta)) || . . .
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( numel(r) = numel(data) ) ||. . .
( numel(theta) = numel(data) )
error(’zernmodfit:NMvectors2’,’The inputs R, THETA, and DATA must all have the
same number of elements.’)
end
if numel(N) > 1
error(’zernmodfit:NMvectors4’,’N must be a single number (scalar - positive integer or
zero).’)
end
if N < 0 || N = round(N)
error(’zernmodfit:NMvectors3’,’N must be a positive integer or zero.’)
end
r = r(:);
theta = theta(:);
data = data(:);
if any( r>1 | r<0 )
error(’zernmodfit:Rlessthan1’,’All R must be between 0 and 1.’)
end

%Build vectors of mode numbers:
n = cellfun(@(x)(x*ones(1,x+1)),num2cell(0:N),’UniformOutput’,false);
n = [n:]’;
m = cellfun(@(x)([fliplr(-x:2:-1) fliplr(x:-2:0)]),num2cell(0:N),’UniformOutput’,false);
m = [m:]’;

%Compute the required Zernike functions:
r = r(:);
theta = theta(:);
z = zernfun(n,m,r,theta);
c = z\data(:); %standard Zernike coefficients

%Separate the positive, negative, and zero cases:
cp = c(m>0);
cn = c(m<0);
cz = c(m==0);
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%Compute the magnitudes and rotation angles from the coefficients:
cnz = sqrt(cp.2 + cn.2);

dnz = atan2(-cn,cp);
dnz(dnz<0) = dnz(dnz<0) + 2*pi;
dnz = dnz./m(m>0);

%Combine the m==0 and m =0 coefficients and angles into vectors:
a = zeros(size([cz;cnz]));
d = a;
mposandzero = m(m>=0);
iszero = mposandzero==0;
ispos = mposandzero>0;
a(iszero) = cz;
a(ispos) = cnz;
d(iszero) = 0;
d(ispos) = dnz;

%Assign the outputs:
ad = [a d];
varargout = [n(m>=0) m(m>=0)];
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