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General introduction

A cataract is an opacification of the otherwise clear crystalline lens of the eye. It can be
caused by a variety of reasons but is mostly due to aging.! If the cataract becomes severe
enough to significantly impair vision, it can be treated with cataract surgery. In this surgery,
the crystalline lens is replaced by an artificial intraocular lens (IOL). It is one of the most fre-
quently performed surgeries in many countries,? and the surgery rate is still increasing.®

While cataract surgery is generally considered a safe and effective treatment,! patients
might still suffer from subjective visual complaints after surgery.* One of these complaints is
negative dysphotopsia (ND).’ ND is often described as a bothersome shadow in the temporal
peripheral visual field that is present directly after cataract surgery (Figure 1.1).%7 Although
ND resolves over time in most patients, it is still present in up to 3% of the patients one year
after surgery.®

The exact origin of ND was still unknown when the research for this thesis was initiated,
which hindered the design of preventative measures and treatments. This was mainly due to
the lack of measurements that can quantify ND. Consequently, researchers have turned to
ray tracing simulations,”>1® in which the path of light through a virtual model of the eye is
calculated. While these simulations have offered some valuable insights, they were mainly
performed using generic eye models and are yet to be confirmed using clinical data.

This thesis aims to obtain additional insight into the origin of ND by incorporating clinical
data of patients with and without ND into ray tracing simulations to improve the agreement
between the simulation and the actual function of the eye. The remainder of the introduction
will provide relevant background knowledge, followed by a detailed description of the aims
and outline of this thesis.

Figure 1.1: Example of negative dysphotopsia.

11




Chapter 1

1.1 The eye

The eye enables humans to see the world around them. To do so, incident light has to be
focused on the retina. In a normal eye, incident light passes several anatomical structures
before it reaches the retina. These structures include the cornea, the anterior chamber, the
iris and pupil, the posterior chamber, the crystalline lens, and the vitreous body (Figure 1.2).
In short, the cornea and crystalline lens work together to focus the incident light, and the
iris and pupil limit the amount of light that can reach the retina. The exact function of each
structure as well as the axes to which they are referenced are further explained in Section 1.3:
Optics of the eye.

Once light reaches the retina, photoreceptors within the retina transduce the light stimuli
into electric impulses,!! which are transmitted to the visual cortex in the occipital lobes of
the brain where they are processed to generate an image of the world.'2

st//

Figure 1.2: Schematic drawing of the human eye and its key optical components. Additionally, two
commonly used ocular axes, the optical and visual axis, are shown.
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General introduction

1.2 Optic principles

Some basic knowledge of optic principles is required to understand the topics that are ad-
dressed within this thesis. Be aware that this section explains these topics in layman’s terms
by oversimplifying them.

Light

Much scientific research has been performed to determine the exact nature of light. In short,
light can be described as either particles or electromagnetic waves, with the latter being of
interest for the current section. Light can be considered to travel as a sinusoidal waveform
with a certain wavelength, the distance required to complete one single sine wave. Several
properties of light, such as its color, are determined by this wavelength (Figure 1.3).1®

Refractive index and refraction

Rays of light travel straight within a homogeneous medium such as air. When a ray travels
from one medium into another medium, it generally refracts, meaning that the ray changes
direction (Figure 1.4). This directional change occurs at the optical interface, the boundary
between the two media. The magnitude of this change is dependent on multiple factors,
including the refractive index of each medium as well as the angle of incidence of the ray.!*
The refractive index of a medium is the ratio between the speed of light in a vacuum and the
speed of light within that specific medium.'® This index is furthermore dependent on the
wavelength of the incident light. Consequently, a medium generally has different refractive
indices for different wavelengths.!®

The direction of a ray after refraction can be calculated using Snell’s law:

ny sinf; = ny sin 6, (1.1)

where n; and n, are the refractive indices of respectively the first and second medium and
0, and 0, are respectively the angle of incidence and the angle of refraction measured with
respect to the surface normal of the optical interface (Figure 1.4).
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Figure 1.3: Waves of light within the visible spectrum as a function of wavelength. The wavelength
of the topmost wave is indicated using a dotted line.
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Chapter 1

A special situation occurs when the incident ray is oriented such that it is perpendicular to
the optical interface. In this instance, §; = 0° and thus sin 6; = 0, which requires 8, to be 0°
as well. Therefore, the ray of light is not redirected but rather travels straight.'*

Reflection

A ray of light can also be reflected, meaning that it does not enter the second medium but
rather returns into the medium from which it originates (Figure 1.4). Reflection occurs in
where ny, ny and 0; are such that 6, > 90.

Lenses

Lenses are objects that in their simplest form have two spherical optical surfaces centered
around an optical axis. These surfaces work together to either converge or diverge a beam
of light by inducing refraction. The degree to which the light is refracted is dependent on
the optical power of the lens, expressed in Diopters (D).!7 This power is mainly determined
by the combined power of the two optical surfaces. For spherical surfaces, this power can
be calculated as:

ng—m
R

P (1.2)

where P is the optical power, n; and n, are the refractive indices of respectively the first and
second medium and R is the radius of curvature of the surface.!’

Image formation

Images are generally captured using an optical system that consists of one or more lenses,
an aperture, and an image surface. The aperture controls the amount of light that enters
the system and the image surface registers the light. Examples of the apertures include the
aperture of a camera or the iris and pupil of the eye, and examples of the image surface
include a CCD of a camera or the retina of the eye.
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Figure 1.4: Basic optic principles. The refraction of a ray of light when traveling from a medium with
refractive index n, to another with refractive index n, is indicated using a solid red ray. The angle of
incidence 6, and the angle of refraction 6, with respect to the surface normal (dotted black line) are
also indicated. The situation that occurs when the same ray is reflected is illustrated using the dashed
line and the angle of reflection ;.
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General introduction

The quality of the image captured by an optical system depends on how the rays reach the
image surface. The best image quality is achieved when rays are focused on a single point on
the image surface. This not only requires the use of a lens with the right amount of optical
power, but also the absence of aberrations, which is generally not achieved.

Aberrations and wavefronts

In reality, rays are often not focused to one single point on the image surface but rather
spread out over a larger region. This spread is induced by properties of the optical system
called aberrations (Figure 1.5). Commonly used aberrations in ophthalmology include de-
focus, astigmatism, and spherical aberration. Defocus describes the case where the focus
point is located in front of or behind the image plane and is normally corrected using a pos-
itive or negative lens (Figure 1.5A).!% Astigmatism describes the situation where rays in two
perpendicular planes have different foci (Figure 1.5B),'!® which can be corrected using cylin-
drical lenses, which have different refractive powers in their principal meridians. Spherical
aberration occurs due to the difference in refraction between rays of light that strike a spher-
ical surface on-axis and off-axis (Figure 1.5C).!® This difference arises from the sphericity of
the surface and can theoretically be overcome by inducing the right amount of asphericity
over the surface.

Generally, a combination of aberrations is present in an optical system. These aberrations
are often assessed by evaluating the wavefront. The wavefront is the surface that a set of
rays of light produce. A wavefront created by rays directly originating from a point source
is spherical (Figure 1.6A), but this surface can be deformed due to aberrations in the optical

Zy* 73 A

Figure 1.5: Different basic aberrations. Black vertical lines indicate image planes. A) An illustration
of defocus (top) where the focal point lies in front of the image plane, and the corresponding Zernike
polynomial Z (bottom). B) An illustration of astigmatism (top) where rays in the horizontal and
vertical meridional focus at different locations, and the corresponding Zernike polynomials Z,? and
Z} (bottom). C) An illustration of spherical aberration (top) where more peripheral rays are focused
in front of the more central rays of light, and the corresponding Zernike polynomial Z;.
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Chapter 1

Figure 1.6: Formations of wavefronts. A) Rays originating from a point source form a perfect spherical
wavefront (black). B) Rays traveling to an imperfect lens result in a deformed wavefront (green) that
is slightly different from the ideal wavefront (black).
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Figure 1.7: Zernike polynomials up to the 6 radial index showing an increase in complexity with
higher indices.

16



General introduction

system (Figure 1.6B).!% Inversely, the aberrations of an optical system can be determined
from the wavefront.

Zernike polynomials

Zernike polynomials are a series of polynomials that can be used to describe the shape of a
surface S:1°

S(p.0)= Y. arZi(p.6) (1.3)
alln
and m

where p is the normalized radial parameter, 0 is the meridional angle ranging from 0 to 27,
n is the radial index, m is the meridional index, ¢)' is the Zernike coefficient and Z;* is the
Zernike polynomial. By increasing the radial and meridional indices, the used Zernike poly-
nomials increase in complexity (Figure 1.7), which increases the complexity of the surfaces
that they can approximate correctly. The agreement between the description of a surface
using Zernike coefficients and the actual surface shape depends therefore both on the com-
plexity of the surface and on the amount of Zernike terms that are used.

Zernike polynomials are used often in Ophthalmology, for instance to describe the shape
of the corneal surface or to describe the shape of a wavefront.'>?* When used to describe
a wavefront, certain Zernike polynomials correspond to certain aberrations. For example,
79 corresponds to defocus (Figure 1.5A), Z, 2 and Z2 to respectively oblique and horizontal
astigmatism (Figure 1.5B), and ZJ to spherical aberration (Figure 1.5C).!%2!

Following this correspondence, Zernike polynomials can also be converted into more clin-
ical parameters such as ocular refraction. To achieve this, they have to be converted to
Rectangular Fourier power vectors [M, Jy, and J;5],2% which can subsequently be converted
into sphero-cylindrical refraction [S, C x axis].?

Ray tracing simulations

Ray tracing simulations are simulations in which the path of rays of light through an optical
system is calculated to obtain insight into the optical functioning of that system. Several
pieces of software that are designed specifically for this purpose exist, including OpticStu-
dio (Zemax LCC) and CODE V (Synopsys, Inc.).2* Within this thesis, OpticStudio is used. In
OpticStudio, ray tracing can be performed in sequential mode or non-sequential mode. In
sequential mode, only rays that hit each defined surface of an optical model once in a se-
quential fashion are considered. This enables fast and powerful analyses such as wavefront
calculations but does not provide insight into the full optical functioning of the system. In
non-sequential mode, there is no restriction on analyzed rays of light. These rays are still
considered when they for example miss one or more surfaces or hit a surface multiple times.
This is computationally more intensive but provides more insight into the exact functioning
of the system.

17




Chapter 1

1.3 Optics of the eye

The eye can be characterized as an optical system. This requires accounting for several
anatomical structures, including the cornea, the anterior chamber, the iris and pupil, the
posterior chamber, the lens, the vitreous body, and the retina (Figure 1.8).

Optical structures of the eye

The cornea is the most anterior lens of the eye as well as the strongest refractive component
of the eye. With an average refractive power of about 42 D, it accounts for approximately
two-thirds of the refractive power of the eye.2’ The shape of the cornea is usually quantified
using the radius of curvature of its anterior surface, determined at the apex. However, as
the cornea is often curved differently in one direction than in another, this quantification
is generally further specified using the radii of curvature in the two principal meridians.
Furthermore, the corneal surface flattens away from the apex, making its shape aspherical
rather than spherical. This asphericity is often given as Q-value Q or eccentricity e, related
by Q = —e2.25 The shape of the posterior surface of the cornea is harder to determine, as
its measurement is affected by the anterior surface. Initially, this was solved by adjusting
the corneal refractive index such that it accounted for the posterior surface or by estimating
the posterior shape from the anterior shape.?>"?’ Newer measurement techniques however
allow the determination of the posterior corneal shape.?

After being refracted by the cornea, light enters the anterior chamber of the eye. The anterior
chamber is filled with aqueous fluid and extends up to the iris. The iris functions as the
aperture of the eye. It controls how much light is able to reach the retina by altering the
size of its central aperture, the pupil. Light passing through the pupil enters the posterior
chamber, the space between the iris and the crystalline lens that is also filled with aqueous
fluid.

-

Figure 1.8: The eye as an optical system. All ocular structures of Figure 1.2 are indicated.
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The crystalline lens is the second lens within the eye. It provides the ability to focus light
from objects at various distances on the retina by changing its shape and therewith its re-
fractive power. It accounts for approximately one-third, 20 D, of the total refractive power
of the eye in the unaccommodated state, and its power changes upon accommodation. The
properties of the lens change significantly with age. Its central thickness changes from
about 3.5 mm at 20 years of age to 4.5 mm at 70 years of age.?” Furthermore, the ability to
accommodate reduces over time.>°

The last structure that light passes prior to reaching the retina is the vitreous body or vit-
reous humour, a semisolid mass that normally attaches to the retina. The retina is a curved
surface that functions as the image surface of the eye. It is often considered to have a spher-
ical shape,3!32 but in reality has a more ellipsoidal shape.33~3

A schematic overview of the refractive indices of these ocular structures is given in Ta-
ble 1.1.31

Axes of the eye

To combine the optical structures of the eye into an optical system, they have to be refer-
enced to an axis. Several axes can be used when describing the structure of the eye. Two of
the most common axes are the optical and the visual axis. The optical axis is the theoretical
axis that goes through the center of each refractive surface within the eye (Figure 1.2).3° In
simple, symmetric, schematic representations of the eye, this axis can be considered correct
as all refractive components are centered on one line. However, as these components are
generally not perfectly centered on one single axis in real life, the best-fit line through the
centers of each refractive component is generally taken as the optical axis. The visual axis
is the line between a fixation point and the fovea, the part of the retina where the sharpest
image can be formed (Figure 1.2).3¢ This axis does not assume the centration of optical struc-
tures and should thus provide a better agreement between an optical system and the actual
eye.

Table 1.1: Refractive indices of the ocular structures for a wavelength of 589.3 nm.*!

Refractive index

Cornea 1.376
Aqueous 1.3375
Lens 1.42
Vitreous 1.336
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Chapter 1

1.4 Measuring the ocular anatomy

From Section 1.3: Optics of the eye, it is clear that the optical function of the eye relies
on the shape and position of various anatomical structures. These characteristics can be
determined using various measurement techniques. This section provides some background
on the measurement techniques relevant to this thesis.

Biometry

Biometry measures the positions of the interfaces between the various media of the eye,
which can be used to calculate the thickness of various anatomical structures and/or the
distance between them. Newer biometers rely on optical techniques such as partial coher-
ence interferometry or low-coherence reflectometry for their measurements.>’ The output
of these biometers includes (among others) the anterior chamber depth, the lens thickness,
and the axial length, all measured along the visual axis. In addition, a keratometry mea-
surement is also performed, which provides information on the basic shape of the cornea.?’”
One of the main applications of these data is functioning as input for the intraocular lens
(IOL) power calculation required for cataract surgery (see Section 1.7: Cataract & cataract
surgery).37-3

Topography and tomography

As the cornea is the strongest refractive component of the eye, an accurate measurement
of its shape is often crucial. K-values are commonly used to represent the basic shape of
the center of the cornea. While K-values suffice for the general assessments of the cornea
or the calculation of IOL powers, a more elaborate measurement is often desired for di-
agnostic reasons or treatment planning. Topography measurements provide such insight
by characterizing the geometry of a large part of the anterior corneal surface. Addition-
ally, tomography measurements extend this insight by characterizing the geometry of the
posterior corneal surface and the anterior chamber.>

The data of topography and tomography measurements is often used in clinical settings, for
example for the diagnosis and the follow-up of keratoconus.***! Furthermore, the raw mea-
surement data has shown to be suitable for modelling the cornea accurately for simulations
of central vision.2%-4243

MRI

The use of Magnetic resonance imaging (MRI) within ophthalmology is increasing.
MR], in contrast to most ophthalmic measurement devices, does not rely on optics, it has
the ability to image the entire eye in 3D. However, acquiring an MRI scan takes considerable
time and these scans are sensitive to motion during its acquisition. As a result, there is a
trade-off between acquisition time and the resulting quality of the image.

44,45 As

Over time, these problems were addressed by using higher magnetic field strengths,0~48

implementing cued-blinking to reduce ocular motion,***° and improving the acquisition
protocols.’® Due to these improvements, MRI is now being used to improve the treatment
of uveal melanoma,’**? and MRI can be used to measure the retinal shape.35’47
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1.5 Evaluating the ocular function

There is a wide variety of methods available to evaluate the ocular function. To evaluate
central vision, one can for example measure the refraction and visual acuity or perform
a visual field test, all of which are commonly used in ophthalmic practice. Furthermore,
aberrometry can be performed in more specific cases.

As this thesis addresses ND, which is located in the peripheral vision, methods to evaluate
the peripheral vision are of interest. However, there are relatively few methods available
to measure peripheral vision.> A common method to do so is visual field testing. Newer
methods also include peripheral aberrometry and peripheral vision simulations, but thus far
these are only used in research settings. This section provides a more elaborate description
of the indications and limitations of methods used to evaluate both central and peripheral
vision.

Refraction

In a relaxed state, the eye should ideally focus parallel rays of light to a single point on the
retina. If that is the case, the eye is considered emmetropic and has sharp central vision.
However, this focal point is often located in front of or behind the retina due to a refractive
error.’ The refractive error is usually a mismatch between the total refractive power of the
eye and its axial length. The eye is considered myopic when the focal point is located in
front of the retina, emmetropic when the focal point is on the retina, and hypermetropic
when it is located behind the retina (Figure 1.9). Some eyes also have a certain amount of
astigmatism. These eyes have two focal points as the eye has a different total refractive
power in two perpendicular meridians.

As refractive errors will result in blurred vision, they are often corrected using spectacles.
This requires a measurement of the exact refractive error, which can for example be de-
termined using the combination of objective and subjective refraction measurements. The
objective refraction measurement determines the central refraction of the eye without feed-
back from the patient. This central refraction can be further refined to the preference of the
patient in the subjective refraction measurement.

===

m

U

ZTT X

Figure 1.9: Refractive states of the eye. Three different refractive states are shown, myopic (green
rays), emmetropic (yellow rays) and hypermetropic (red rays).
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Visual acuity

The visual acuity of the eye is its ability to distinguish details of objects located at a certain
distances. This ability can be reduced due to a variety of reasons, such as refractive errors
and retinal pathologies.” It is often tested using reading charts such as the Snellen chart or
the ETDRS chart.”®

Perimetry

The visual field of the eye can be measured using either static or kinetic perimetry. In static
perimetry, light stimuli are positioned at predefined locations around a fixation target. One
by one, the intensity of each stimulus is increased, and the patient has to report when the
stimulus is seen.’’ There are multiple variants of static perimetry, such as the HFA 30-2
which measures up to 30 degrees in the visual field in steps of 2 degrees, and the HFA 60-4
which measures up to 60 degrees in the visual field in steps of 4 degrees.

In kinetic perimetry, a light stimulus with a fixed intensity moves from peripheral to cen-
tral vision.’” The maximal visual field angle that is tested is 90 degrees.’® Similar to static
perimetry, the patient has to report when the stimulus is visible.

Aberrometry

Objective refraction measurements provide insight into the refractive error of the eye. They
assume that the eye refracts parallel rays of light to a single focal point, or two in the case
of astigmatism. As the eye is not a perfect optical system, this is often not the case due to
aberrations. These aberrations in central vision can be measured using aberrometry.>

Aberrometers rely on wavefront sensing. They measure the ocular wavefront and subse-
quently expand that wavefront into Zernike polynomials (Figure 1.10). The data provided
by aberrometry is used for various purposes. In a clinical setting, it is used as input for laser
surgery to customize the ablation profile.>® In a research setting, it can for example be used
to optimize eye models for vision simulations.®

Peripheral aberrometry

Following increased interest in peripheral vision, aberrometers that can measure peripheral
ocular aberrations and therewith quantify peripheral vision have been developed.®! These
devices can determine the ocular wavefront up to 40 degrees in the peripheral visual field
(Figure 1.10).°62 While these measurements are not yet performed in a clinical setting, they
can be used to validate peripheral vision simulations in a research setting.®>¢*
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Figure 1.10: Aberrometry of an actual eye. A) Measurement for central vision. B) Measurement for
peripheral vision, showing a more elliptical and more aberrated wavefront than the one acquired for
central vision.
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1.6 Peripheral vision simulations

Section 1.3: Optics of the eye, showed that it is possible to model the eye as an optical system,
hereafter called an eye model. These eye models can then be analyzed using ray tracing
simulations to gain additional insight into their optical functioning. In brief, their vision
is simulated. The validity of these simulations, and thus their clinical relevance, depends
on the agreement between the geometry of the eye model and the actual anatomy of the
eye.%®

Initially, ray tracing simulations were performed using simpler eye models with a rotational-
symmetric geometry.3°¢ Multiple components of these eye models have subsequently been
personalized to obtain more realistic, patient-specific results. Thus far, this personalization
has mainly focused on central vision, for example by personalizing the cornea,?4%4367 the
lens,%®70 and the axial positioning of refractive surfaces.*>’! These simulations are however
not bound to central vision, but can also cover the peripheral vision.

Peripheral vision simulations

Peripheral vision simulations can provide unique insights into the field of ophthalmology.
Currently, there are few methods to quantify the peripheral vision of the eye, and the avail-
able methods have their limitations. Perimetry measurements rely on the subjective re-
sponse of the patient, and static perimetry can furthermore only measure up to visual field
angles of 60 degrees. Peripheral aberrometry provides a fully objective measurement, but
can only measure up to visual field angles of 40 degrees. Peripheral vision simulations do
not have these limitations, they can theoretically simulate the entire visual field. However,
three challenges have to be addressed to improve the validity and clinical relevance of these
peripheral vision simulations.

The first challenge regards the peripheral geometry of the eye model. The peripheral ge-
ometry of the eye model should be optimized to increase the agreement with the actual
peripheral anatomy of the eye. To that end, the peripheral characteristics of all anatomi-
cal structures listed in Section 1.3: Optics of the eye have to be addressed. With regards to
the cornea, several methods are available to model it accurately for central vision simula-
tions, 24243 but these methods are still to be evaluated for peripheral vision simulations. The
iris is often modelled without a thickness and oriented perpendicular to the axis of the eye
model,3%:60:63.72 byt in reality has a thickness and a tilt.”>74 Not accounting for these char-
acteristics will likely have a negligible effect on central vision simulations, but can have a
more severe impact on peripheral vision simulations. The peripheral shape of the lens can-
not be measured in-vivo due to obscuration by the iris, but can potentially be extrapolated
from OCT images of the central part of the lens. However, this thesis mostly addresses
pseudophakic eyes, which have an artificially made IOL rather than a crystalline lens. The
IOL manufacturers should know its peripheral shape. With regards to the retina, its shape
is often assumed to be spherical, 31:32¢ but this is not the case in real life.>* Thus, this shape
has to be adjusted for accurate peripheral vision simulations. Finally, all modelled individ-
ual anatomical structures have to be properly positioned with regards to a reference point
or reference axis.

The second challenge regards the relationship between the simulation results and the vision
experienced by the patient. Ray tracing simulations evaluate how light reaches the image
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surface, which is represented by the retina in eye models. For clinical relevance, it is im-
portant the ray tracing results relate to the vision experienced by the patient. For certain
peripheral vision simulations, especially non-sequential simulations, this requires account-
ing for which part of the retinal surface is used to see a certain part of the visual field. It
is known that this relation is non-linear in the phakic eye.”>’® However, this thesis is cen-
tered around peripheral visual complaints of the pseudophakic eye, which has an artificial
IOL rather than the intra-ocular lens. As the IOL refracts peripheral light differently,”” it
might induce a shift in the peripheral visual field which could affect peripheral visual com-
plaints. Therefore, this relation has to be determined and corrected if necessary.

The third challenge regards how to validly perform a large number of peripheral vision sim-
ulations within a reasonable amount of time. Solving the other two challenges will require a
large amount of simulations. Furthermore, after these challenges have been solved, a large
number of simulations are also required to gain insight into peripheral visual complaints.
Each simulation requires defining a large number of variables to define an eye model, and
the simulation has to be completed before a new simulation can be started. This combina-
tion makes performing a large number of peripheral vision simulations both error-prone
and time-consuming. Therefore, solutions are required to automate the entire process.
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1.7 Cataract & cataract surgery

A cataract is an opacification of the otherwise clear crystalline lens of the eye. This cloud-
ing is often the result of aging but can have other causes such as congenital or traumatic.’
Patients often experience visual complaints such as blurred vision due to this opacification.
The severity of the opacification, and therefore the severity of the visual complaints, in-
creases with age. When left untreated, cataract can result in blindness. Therefore, it is often
treated by cataract surgery.

Epidemiology

In 2020, more than 94 million people were affected by cataracts worldwide,”® making it
one of the leading causes of visual impairment and blindness. The prevalence of cataracts
increases with age and is highest in the elderly, with an estimated prevalence of 92.6% of
people aged 80 years or more.! The amount of performed cataract surgeries as treatment is
proportionally high, up to 11.000 per million people per year in developed countries.?3 In the
Netherlands, for example, more than 180.000 cataract surgeries are performed yearly.”

Cataract surgery

During cataract surgery, the crystalline lens is removed from the eye while leaving the lens
capsule in place. Generally, this is done by making a small aperture in the anterior capsule,
the capsulorhexis, after which the lens is removed using phacoemulsification. Subsequently,
an artificial intraocular lens (IOL) is implanted within the capsule, after which the eye is
considered to be pseudophakic rather than phakic. The implanted IOLs are thinner than the
crystalline lens (Figure 1.11), which facilitates their implantation through small incisions.

As IOLs are thinner, their anterior and posterior surfaces have a lower convexity compared
to the surfaces of the crystalline lens. Therefore, they require a higher refractive index to
achieve the same power as the crystalline lens. The width of IOLs is furthermore less than
the width of the crystalline lens, requiring the addition of appendages called haptics that
keep the IOL in place (Figure 1.11).8% Additionally, newer IOLs often have a certain amount
of asphericity to correct for the asphericity of the corneal surface.8!

The risk of severe intraoperative or postoperative complications is generally considered to
be low for cataract surgery.%? However, a significant number of patients experience un-
wanted optical phenomena, such as ND, after cataract surgery.5®

Figure 1.11: Overlay of a phakic and pseudophakic eye. The IOL is shown in light blue and its haptics
in grey. The IOL is smaller and thinner than the crystalline lens.
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1.8 Negative dysphotopsia

Negative dysphotopsia (ND) is commonly described as a shadow in the temporal peripheral
visual field that is present after cataract surgery.”~"4 The characteristics and severity of this
shadow differ per patient, with some describing an arch where others describe a crescent
(Figure 1.12).5

Epidemiology

Overall, the incidence of ND is reported to be up to 19% directly after surgery,®8>85 where

the incidence seems to be the highest when patients are actively asked about the presence of
any shadow.®> ND reduces over time in most patients, often to full resolution.®3%3 However,
ND is still present in 3% of all operated eyes one year after cataract surgery (Figure 1.13), with
minimal chance of improvement thereafter.> While the number of patients that experience
persisting complaints of ND is small, the actual number of patients is large due to the high
volume of cataract operations.?3

Origin

When the research for this thesis was initiated in 2016, there were many questions regard-
ing the origin of ND. One of the biggest challenges for obtaining additional insight was
the lack of methods to objectively quantify the shadow.® Until then, only kinetic perime-
try was able to quantify the shadow in some, but not all, patients.3¢ Due to this lack of
quantification methods, most insights were based on clinical examinations and theoretical
ray tracing simulations. The clinical examinations indicated for example that ND can occur
with many IOL designs as long as the IOL is implanted in the capsular bag, that ND is not
induced by malpositioning of the IOL, and that ND is more severe with pupil constriction.3
The theoretical ray tracing simulations extended these insights further by showing how the
peripheral retinal illumination could be affected by for example the size of the pupil,”? the
distance between the iris and the IOL,” and the amount of overlap between the anterior
capsulotomy and the IOL.’?

Based on these insights, several hypotheses were formed. All hypotheses assumed that there
is a local gap in the illumination of the peripheral retina,”>1%8* however each assumed a
different causal mechanism. These hypotheses included: I) The retinal illumination gap is

Figure 1.12: Different representations of the shadow experienced with ND. The temporal ide of the
visual field is considered to be on the left side. Note that the opacity of the shadow can differ between
patients and is not by definition 0% as in these images. A) A dark arch in the temporal visual field. B)
A dark crescent in the temporal visual field.
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Figure 1.13: Incidence of ND over time, based on the data reported by Osher, RH. (JCRS, 2008).2

£\

Figure 1.14: Schematic drawing of one of the hypotheses on the origin of ND. This hypothesis assumes
that ND is caused by a gap in nasal retinal illumination (shaded area) that is the result of the difference
between rays passing between the iris and the IOL (blue line) and rays that are refracted by the IOL
(orange line).
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caused by the discontinuity between light passing through the posterior IOL surface and
light passing through the IOL edge in sharp-edged IOLs,” II) The retinal illumination gap
is the result of the discontinuity between light refracted by the IOL and light that passes
through the gap between the iris and the IOL (Figure 1.14),'° and III) The retinal illumination
gap is caused by an optical interaction between the anterior capsulotomy and the anterior
surface of the IOL.3*

Treatment and prevention

Patients that suffer from bothersome persistent ND can suffer to such an extent that they can
request a second operation. Based on the theories on the cause of ND, multiple treatments
have been proposed and performed. These treatments include for example performing a
laser anterior capsulotomy,?” exchanging the IOL for a different IOL,%~°! the implantation
of a secondary “piggyback” IOL,3%%% and a secondary reverse optic capture.?” While these
treatments show promising results, they do not cure ND in all patients. A treatment that
gives a full resolution in all patients is yet to be found.

Next to treatments, the theories on the origin of ND have also been used to design preven-
tative approaches. Thus far, these approaches include primary reverse optic capture and the
implantation of the IOL with the haptics oriented in the horizontal meridian.>*%+%

Required research

To improve the treatment and prevention of ND, the exact origin of ND has to be deter-
mined. Thus far, the theories on this origin are based on ray tracing simulations with the-
oretical eye models that do not incorporate the actual anatomy of patients. As a result,
these hypothesized mechanisms might not occur in the actual eye. Furthermore, it is un-
clear if these mechanisms would only occur in pseudophakic eyes with ND or also in pseu-
dophakic eyes without ND. Therefore, the simulations should be repeated using eye models
that incorporate the actual anatomy of patients with and without ND to gain more insight.
To address these limitations, we initiated the vVRESPOND study (CCMO registry number:
NL58358.058.16) in cooperation with the European Society for Cataract and Refractive Sur-
geons (ESCRS). That study forms the basis for this thesis.
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1.9 Aim and outlines of this thesis

The overall aim of this thesis is to provide more insight into the origin of ND by performing
peripheral vision simulations with eye models that incorporate the anatomy of patients with
ND and of pseudophakic controls without ND. To that end, several underlying questions had
to be answered:

I. Are there anatomical differences between the eyes of pseudophakic patients with and
without ND that affect peripheral vision?

II. How to incorporate the anatomy of patients with and without ND into the eye models
that are used for peripheral vision simulations?

III. How do the results of peripheral vision simulations relate to the peripheral vision
experienced by the patient?

Each of these questions is (partially or fully) answered in different chapters of this thesis.

Question I is addressed in Chapters 2 and 3. These chapters mainly evaluate the ocular
anatomy of a group of patients with ND and a group of pseudophakic controls. In Chap-
ter 2 the anatomy of the anterior segment of the eye as well as the peripheral wavefront
aberrations are measured in groups and compared between them. In addition, theoretical
ray tracing simulations to gain insight into the effect of the ocular anatomy on peripheral
vision are performed. In Chapter 3, the IOL position and retinal shape are derived from
MR-images of both groups and compared between them.

Question II is addressed in Chapters 4, 5, and 6. In Chapter 4, a software package is intro-
duced that can be used to automate ray tracing simulations, which enables performing ray
tracing simulations with a large number of eye models. In Chapter 5, 7 different methods
to model the cornea are evaluated to determine the optimal way to model the cornea for
peripheral vision simulations. In Chapter 6, the optimal way to determine the 3D retinal
shape from MR-images is determined.

Question I is addressed in Chapter 7. In this chapter, ray tracing simulations are used to
determine how the illuminated retina translates back into the visual field using both phakic
and pseudophakic eye models. Subsequently, these results are used to determine whether
the pseudophakic visual field is shifted with regard to the phakic visual field.

Chapter 8 combines all obtained insights. In this chapter, two eye models are created,
one eye model that incorporates the anatomy of patients with ND and one eye model that
incorporates the anatomy of pseudophakic controls. Each model is furthermore combined
with four different IOL designs. Subsequently, the retinal illumination is determined in all
eye models and compared between them to determine the effect of anatomy and IOL design
on ND.

Chapter 9 contains the discussion of this thesis. This chapter is divided into two sections.
The first section discusses the implications of this thesis for ND and the second section
discusses other applications of this thesis.
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Chapter 2

Abstract

Purpose: Provide insight in the anatomical characteristics associated with negative dys-
photopsia using quantitative clinical data.

Setting: Department of Ophthalmology, Leiden University Medical Center, Leiden, the
Netherlands.

Design: Case-control study.

Methods: Anterior chamber tomography and peripheral aberrometry were measured in
twenty-seven pseudophakic patients with negative dysphotopsia (ND) and thirty pseudo-
phakic controls. Based on these measurements, the total corneal power, anterior chamber
depth, pupil location and diameter, iris tilt and peripheral ocular wavefront up to 30 degrees
eccentricity were compared between both groups. Additionally, ray-tracing simulations
using pseudophakic eye models were performed to establish a connection between these
clinical measurements and current hypotheses on the aetiology of ND.

Results: Patients with ND have a smaller (p=0.03/p=<0.01) and more decentered (p<0.01)
pupil than pseudophakic controls. Additionally, an increased temporal tilted iris (p<0.01)
and an asymmetric peripheral aberration profile were observed in patients with ND, of
which the latter was also apparent in a number of ray tracing models. The combination
of these in vivo results and ray tracing simulations indicates that patients with ND have
a temporal rotated eye, which confirms the hypothesised relation between ND and an in-
creased angle kappa.

Conclusions: Patients with negative dysphotopsia have a smaller pupil and an increased
angle kappa, which make them more susceptible to experience a shadow in the temporal
visual field.
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2.1 Introduction

Cataract, the clouding of the crystalline lens inside of the eye, is one of the principal causes
of visual impairment! and it is generally treated by replacing that lens with an artificial
intraocular lens (IOL). Although cataract surgery has a very low rate of intra- and postop-
erative complications, recent studies have revealed that up to 19% of the patients experience
an unwanted visual complaint known as negative dysphotopsia (ND) directly after cataract
surgery,?3 that persists for more than a year in 3.2%.3 As the cataract surgery rate is very
high, estimated as 4000 per million people in 2020,* this would result in roughly 6 million
people being affected by ND each year, of which at least 1 million will have persistent com-
plaints.

ND is commonly described as a shadow in or missing part of the peripheral temporal vi-
sual field.>™8 It has been reported with a wide variety of IOL types,” and is generally more
pronounced under photopic conditions.® Although the reported incidence of ND, when ac-
tively surveyed, is quite high, the severity of the complaints often reduces over time, in
many cases resolving fully. However, for the 3.2% of the patients that are still experienc-
ing ND one year postoperatively, the chance of spontaneous reduction or resolution of the
complaints is minimal.3

While clinical evaluations revealed no evident abnormalities in patients with ND, for ex-
ample no abnormalities in IOL position,® optical ray tracing simulations revealed various
methods to induce a shadow in the peripheral visual field.**!° One of the main hypothe-
sized mechanisms is the occurrence of an unilluminated area on the peripheral nasal retina
that is experienced as a shadow in the temporal visual field.”!! Such an unilluminated retina
could for instance be the result of a discontinuity in illumination between light that is re-
fracted by the optic and light that misses the optic and passes through the gap between the
iris and IOL (the iris-IOL gap).>!!

Multiple factors that potentially affect this discontinuity in retinal illumination have also
been investigated using these same simulations. For instance, an evaluation of the pupil
size showed that the shadow is more profound with small pupils,” which was also reported
in clinical evaluations.® In addition, a relationship was found between the discontinuity in
retinal illumination and a positive angle kappa,® the angle between the pupillary axis and
the visual axis.!? At a larger angle, more light rays would be able to pass between the IOL
and iris, increasing the experienced discontinuity in retinal illumination. Furthermore, the
optic diameter, edge design, aspheric surface design, material, and alignment of the IOL have
been proposed to affect the occurrence and severity of ND, although their effect is likely to
be minor.” Other studies identified various optical effects caused by the capsular bag that
could lead to ND. These optical effects include the lack of blockage of peripheral light rays
by a non-translucent capsular bag,® a reduction in peripheral transmitted light due to the
capsular bag,? and visible arcs and bands caused by the capsulorrhexis-IOL interaction.!?

Although multiple of these mechanisms could lead to ND, no definite conclusion on its origin
has been made. Nevertheless, these proposed mechanisms have formed the basis for various
preventive approaches, such as performing a primary reverse optic capture or implanting
the IOL with a horizontal orientation of the haptics,13’14 as well as many different treatments
for ND.&7-%11L1422 gome of these treatments showed to be successful in small groups of
patients, but none gave full resolution in all patients. This lack of a definite strategy to
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resolve ND is mainly due to the lack of clinical data that could discriminate between the
different proposed origins of ND, as this would give a clear indication of more successful
treatment strategies.

In this study, we therefore aim to provide quantitative clinical data of pseudophakic eyes
with and without ND to gain a better understanding of the anatomical characteristics that
are associated with ND. Firstly, the anterior segment configuration, evaluated by anterior
segment tomography and biometry, are analysed, as small geometrical differences could
result in significant differences in peripheral vision and therefore have a relation to ND.
Secondly, the ocular wavefront aberrations are evaluated along the horizontal meridian to
quantify potential objective refractive differences in the peripheral vision. Finally, the re-
lation between differences in anterior segment configuration and peripheral ocular aberra-
tions are studied via ray tracing simulations, to relate the effects of the various proposed
origins of ND to the clinical data.
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2.2 Methods

Pseudophakic patients with and without clinically reported ND were studied at the Leiden
University Medical Center. Patients were excluded if they had any additional ocular surgery,
such as LASIK, that would severely modify the optical properties of the eye. The study was
performed to conform with the tenets of the Declaration of Helsinki and approved by the
local Medical Ethics Committee (CCMO-registry number: NL58358.058.16).

In total, fifty-seven pseudophakic eyes of twenty-seven patients with ND and thirty pseu-
dophakic controls were prospectively included between November 2016 and May 2019. The
pseudophakic controls were included from three centers and the patients with ND were re-
ferred from seventeen different centers after an otherwise uneventful cataract surgery. For
all referred patients with ND, the diagnosis of ND was confirmed prior to inclusion. The cri-
teria for this diagnosis consisted of a patient-reported shadow or dark region in the temporal
peripheral visual field that occurred after an otherwise uncomplicated cataract surgery, no
evident cause of this visual complaint and no clear anomalies in IOL positioning upon slit
lamp examination. Although the pseudophakic controls had not reported any complaints
during the regular follow-up after cataract surgery, four controls reported the presence of
a temporal shadow when they were they were actively screened for ND at the beginning of
the study.? These four subjects, and one other control with a raised suspicion of staphyloma
after inclusion, were excluded from further analysis.

Study procedures were performed after the patients provided written informed consent.
The study procedures included anterior segment tomography, ocular biometry and periph-
eral aberrometry for one eye (Figure 2.1). The baseline equality of both resulting groups
of subjects was assessed by comparing the sex and age of the patients, and the laterality,
keratometry, axial length and implanted IOL type of the studied eye.

Anterior segment tomography and biometry

The combined optical effect of the central 8.0 mm of the anterior and posterior corneal
surface was evaluated with the Pentacam anterior segment tomographer (software version
1.20r41, Oculus, Optikgerite GmbH, Wetzlar, Germany) in terms of total corneal wavefront,
expressed in Zernike coefficients?® using the Pentacam’s built-in software. To limit the
number of tested metrics, only the Zernike coefficients with a strong effect on the variation
along the horizontal meridian, being Z}, Z2, Z2 and Z}, were selected for analysis.

The internal anterior chamber depth (ACD), horizontal decentration of the pupil center with
respect to the corneal vertex and the pupil diameter were obtained from tomography. As it
has been reported that the automated ACD measurement might fail in pseudophakic eyes,**
the ACDs were measured manually for each eye on three different Scheimpflug images and
averaged. The horizontal decentration of the pupil center with respect to the visual axis
was also measured with the Lenstar LS900 biometer (Haag-Streit AG, Koniz, Switzerland),
together with the pupil diameter, keratometry and axial length. Based on the rationale that a
larger angle kappa results in a temporal rotation of the eye, the tilt of the iris was calculated
by fitting a 3D plane through the central 6.0 mm of the iris surface as measured by the
Pentacam using a custom-written program in Python 3.6.
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T
-30 -20 -10 0 10 20 30
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Figure 2.1: Overview of the performed clinical measurements. A) Anterior segment tomography
showing the measured anterior (red) and posterior (green) corneal surface, from which the corneal
wavefront was calculated. Additionally, the measured iris (pink) from which the iris tilt was calculated
is shown. The insert shows the 3D model of the anterior segment, as obtained from the Pentacam.
B) Biometry analysis showing the location of the pupil center with respect to the visual axis, and
the biometry result as insert. C) The peripheral ocular aberrations, expressed as spherical equivalent
of refraction (SE) in Diopters (D), along the horizontal meridian up. The inserts show the Hartmann-
Slack images from which the refraction is calculated. Ataround 15 degrees eccentricity in the temporal
visual field (T), a distortion is visible that is not apparent on the nasal (N) side. This distortion caused
by reflection from the optic nerve head.
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Peripheral ocular aberrations

Peripheral ocular aberrations along the horizontal meridian were measured using the VPR
peripheral aberrometer (vOPTICA, Murcia, Spain) as described by Jaeken et al.?> Earlier
studies with this technique showed that emmetropic eyes are relatively myopic at periph-
eral eccentricities,?® and that pseudophakic eyes have stronger peripheral aberrations than
phakic eyes.?’

The aberrometer quantifies the ocular aberrations up to 30 degrees eccentricity with a 1
degree step size using Hartmann-Shack wavefront sensor integrated in a rotating arm. The
patient is instructed to look at a fixation target while the arm rotates and the Hartmann-
Shack images are acquired. Four measurements are performed per eccentricity, expressed
in Zernike terms over the central 3.0 mm and averaged. Each individual measurement takes
about 2 seconds to complete. When the observer noted erroneous or missing results for cer-
tain eccentricities during the measurement, e.g. due to blinking, an additional measurement
was performed. With the instructions, evaluations and optional additional measurements,
a full peripheral aberrometry measurement took on average 5 minutes per subject.

The aberration profiles were converted to spherical equivalent of refraction (SE, also known
as power vector M),? astigmatism (also known as power vector J),® and spherical aberra-
tion. From the aberration profiles, the SE, astigmatism and spherical aberration as measured
for central vision and for peripheral vision at 30 degrees nasal and temporal visual field ec-
centricity were selected for statistical analysis. At 30 degrees eccentricity, the refraction
relative to the central refraction was used for SE and astigmatism to correct for an intended
offset in central refraction.?’

Ray tracing simulations

Ray tracing simulations were performed to assess the relation between the peripheral ocu-
lar aberrations and various anterior segment configurations with a potential relation to ND.
A geometrical eye-model was created in Zemax OpticStudio 18.9 (Zemax, LCC, Kirkland,
Washington, USA) and aberrations at 543 nm were calculated up to 30 degrees eccentric-
ity with a 1 degree step size. Actual pupil size was adjusted to obtain a 3.0 mm apparent
pupil size, in order to match the peripheral ocular aberration measurements. The calculated
aberrations were subsequently converted into SE.?%2° All simulations and analyses were
automated using Python 3.6 and the PyZDDE library.*

The eye-model was based on the Escudero-Sanz wide-angle schematic eye model.>! For ac-

curate use in the evaluation of ND, two adjustments were made to this model. Firstly, the
iris was moved 0.5 mm forward and given a thickness of 0.5 mm. Secondly, the crystalline
lens was replaced by a simple IOL instead of the crystalline lens, placed 0.5 mm behind the
posterior iris. The IOL had a refractive index of 1.47 and a thickness of 1.0 mm. The anterior
radius of curvature, anterior conic constant and posterior radius of curvature were chosen
such to match the central ocular aberrations of the phakic Escudero-Sanz eye model. This
resulted in an IOL with an anterior radius of curvature of 19.5 mm, an anterior conic con-
stant of -13.7 mm, a posterior radius of curvature of -11.2 mm and an in-situ paraxial power
of 18.5D.°

The variations in anterior segment configurations that were analysed included IOL posi-
tioning, horizontal iris and IOL tilt and an increase in angle kappa. Two modifications in
IOL positioning were evaluated, being a 0.4 mm increase in axial distance between the iris
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and IOL, which would increase the iris-IOL gap, and a 1.0 mm temporal decentration of the
IOL, which would increase the iris-IOL gap nasally. Since a temporal tilt or either the iris
or both the iris and IOL would allow for easier passage of light through the nasal iris-IOL
gap, both were evaluated. To this end, a temporal tilt of 5.0 degrees temporally was induced
in either the iris or both the iris and IOL. Finally, as a larger angle kappa would result in an
outward rotation of the eye with respect to the visual axis, and therefore also in easier pas-
sage of light through the nasal iris-IOL gap, an angle kappa of 5.0 degrees was induced and
evaluated. This angle kappa was created by adding 5.0 degrees to the incident angle. Since
the IOL design is one of the potential factors of influence, these simulations were also per-
formed using the pseudophakic eye-models of Holliday and Simpson, both with the acrylic
and the silicone IOL.?

Statistical analyses

All statistical analyses were performed with the presence of ND as dependent or grouping
variable. Firstly, the baseline characteristics were compared between both groups. Secondly,
the relation between ND and the total corneal wavefront, expressed in Zernike coefficients,
was assessed using a logistic regression analysis. Thirdly, all evaluated anterior segment
configurations were compared using independent-samples t-tests. Finally, the central and
peripheral ocular aberrations were compared using Mann-Whitney U tests. The statistical
analyses were performed using SPSS Statistics 23 (IBM Corp., Armonk, New York, USA),
except for the ocular aberrations, which were analysed in Python 3.6 using the SciPy library
version 1.1.0.32 An alpha of 0.05 was set as critical value for significance for every test. No
multiple testing correction was applied as many of the tested parameters are geometrically
correlated with each other.
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2.3 Results

In the baseline comparison, the group of patients with ND showed a higher percentage of
females than the pseudophakic controls (p<0.01), with percentages of 88.9% and 48.0% re-
spectively. Furthermore, the pseudophakic controls had on average slightly longer eyes
(p=0.02). All other baseline parameters were comparable between both groups (Table 2.1).
Some patients and controls were excluded from one of the performed analyses, due to miss-
ing or erroneous data (Figure 2.2).

A wider variety of IOL types was seen in patients with ND than in pseudophakic controls.
In the patients with ND, a total of ten different types were implanted. The majority of this
group (51.9%) had a TECNIS ZCB00 implanted. In the group of pseudophakic controls, two
IOL types were implanted, the TECNIS ZCB00 (76.0%) and the Quadrimax (24.0%). All IOLs
were implanted within the capsular bag. For one patients with ND, the capsulorrhexis did
not completely cover the IOL in the temporal inferior quadrant.

Table 2.1: Demographics of both groups. The group of patients with ND had a higher percentage of
females and slightly shorter eyes than the pseudophakic controls. Ocular refraction data are shown in
Table 2.2 and Figure 2.5. Baseline equality for sex and laterality was assessed using chi-square tests,
astigmatism using a Mann-Whitney U test and all other samples using independent-samples t-tests.

Patients Pseudophakic —value
with ND controls P

N Subjects 27 25
Sex (%Female) 88.9 48.0 <0.01
Laterality (%Right) 40.7 48.0 0.78
Age (Years)

Mean + SD 65.9 £ 8.1 69.0 £ 8.2 0.18
Km, corneal (D)

Mean + SD 441 £ 14 441 £ 1.3 0.90
Astigmatism, corneal (D)

Mean + SD -1.0 + 0.8 -0.8 + 0.5 0.49
Axial length (mm)

Mean + SD 233 =+ 1.1 242 £ 15 0.02
Implanted IOL

Type (n) ZCB00 (14) ZCB00 (19)

SN60WTF (3) Quadrimax (6)

Quadrimax (2)
iSert 251 (2)
Other” (6)

" The other IOLs include: CT LUCIA (1), Fine Vision (1), MI60 (1), MX60 (1), MPlus (1) and SAGOAT (1).
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Figure 2.2: A flowchart depicting the amount patients included in various analyses. Patients with
ND are represented by the red continuous lines and pseudophakic controls by the black dashed lines.
Next to each line, the number of patients is stated. *Five pseudophakic controls were excluded from
all analyses, four due to a reported presence of ND during the study measurements and one due to a
raised suspicion of staphyloma after inclusion.
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Figure 2.3: Distribution of the total corneal wavefront, expressed in the Zernike coefficients with
a major influence on deviations along the horizontal meridian. No clear differences are observed
between ND (red) and pseudophakic controls (grey). The horizontal lines depict the medians per

group.
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Corneal wavefront

The total corneal wavefront along the horizontal meridian was similar for patients with
ND and pseudophakic controls, with equal distributions for all four evaluated Zernike co-
efficients in both groups (Figure 2.3). Additionally, the logistic regression analysis showed
no significant relationship between the the coefficients and the presence of ND, with all
p-values being 0.09 or higher (Figure 2.3).

Anterior chamber depth

The ACDs of patients with ND and pseudophakic controls showed to be similar with aver-
age ACDs of 4.17 mm (Standard deviation (SD): 0.38) and 4.30 mm (SD: 0.26) respectively
(p=0.184, Figure 2.4A).

Iris tilt

The average horizontal tilt of the iris was significantly larger for patients with ND than for
pseudophakic controls (p<0.01; Figure 2.4B), with average tilts of 6.3 degrees (SD: 1.4), and
4.6 degrees (SD: 5). The larger positive tilt indicates a more temporally tilted iris in patients
with ND.

Pupil decentration

The pupil center of patients with ND was located significantly more temporally than in
pseudophakic controls on both the anterior segment tomography and ocular biometry. On
anterior segment tomography, the average horizontal distance from the corneal vertex was
0.17 mm (standard deviation (SD): 0.14) and 0.01 mm (SD: 0.16) for patients with ND and
pseudophakic controls respectively (p<0.01, Figure 2.4C). Similar results were obtained from
biometry, with an average decentrations of respectively 0.19 mm (SD: 0.21) and 0.03 mm (SD:
0.16) from the visual axis (p<0.01; Figure 2.4C).

Pupil diameter

Patients with ND showed to have a significant smaller pupil than the pseudophakic controls
on both the anterior segment tomography and ocular biometry. On tomography, the average
pupil diameters where 2.4 mm (SD: 0.4) and 2.7 mm (SD: 0.4) for patients with ND and
pseudophakic controls respectively (p<0.01; Figure 2.4D). These diameters were 3.7 mm (SD:
0.6) and 4.1 mm (SD: 0.7) on biometry (p=0.03; Figure 2.4D).

Peripheral ocular aberrations

In general, peripheral aberrometry showed the earlier described trend of a decreasing SE
of up to -2 Dioptres at 30 degrees eccentricity,?” while the astigmatism increases up to 3
Dioptres (Figure 2.5A, B; Table 2.2). Centrally, there was no difference between both groups
in SE, astigmatism and spherical aberrations.

Peripherally, however, a difference between patients with and without ND is visible, as a
clear asymmetry between relative SE at nasal and temporal eccentricities in patients with

ND, which was not visible in pseudophakic controls (Figure 2.5A).

At temporal visual field eccentricities, where ND is manifested, median relative SEs of -1.5
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Figure 2.4: Anterior chamber configurations for patients with ND (red) and controls (grey), showing
that patients with ND on average have a temporally shifted and smaller pupil and a more tilted iris.
Black dots display the means, the vertical lines the standard deviation. A) The anterior chamber depth
(ACD). B) The horizontal iris tilt. A positive tilt indicates a temporal tilt. C) Horizontal decentration of
the pupil center with respect to the corneal vertex and the visual axis. A positive decentration indicates
a temporal shift of the pupil. D) The pupil diameter as measured by tomography and biometry.
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Diopter (D) and -1.4 D were measured for patients with ND and pseudophakic controls re-
spectively (p = 0.9; Table 2.2). However, for nasal eccentricities, a statistically significant
difference in relative SE was found, with -3.6 D for patients with ND and -1.8 D for pseu-
dophakic controls (p = 0.04; Table 2.2). The astigmatism as a function of horizontal visual
field showed a comparable, although not statistically different, course between both groups
(Figure 2.5B; Table 2.2). The spherical aberration was relatively constant as a function of
horizontal visual field and did not show a difference between patients with or without ND
(Figure 2.5C; Table 2.2).
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Figure 2.5: A) Relative spherical equivalent of refraction (SE) in Diopters (D), B) Relative astigmatism
(D) and C) spherical aberration (pm) as function of visual field eccentricity. Negative eccentricities are
acquired at the nasal visual field (N). Patients with ND (red) show a stronger decrease in SE at nasal
eccentricities than controls (black). The median value at each eccentricity is indicated by the solid line
and the inter-quartile range is depicted by the shaded area.
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Table 2.2: Peripheral aberrometry shows a significant difference in nasal relative spherical equivalent of refraction (SE). Nasal and temporal aberrations
are measured at 30 degrees visual field eccentricity. Q1 and Q3 are the 25" and 75" percentile. The peripheral SE en astigmatism are relative to the central
measured values.

Patients with ND Pseudophakic controls p-value
Median Q1 Q3 Median 01 Q3
Central aberrations
SE (D) -0.73 -1.02 -0.44 -0.85 -2.50 -0.41 0.64
Astigmatism (D) 0.38 0.26 0.57 0.44 0.24 0.71 0.41
Sph. Ab. (um) 0.001 -0.048 0.019 0.002 -0.016 0.021 0.40
Nasal aberrations
Rel. SE (D) -356  -429  -2.56 -175 =317  -0.91 0.04
Rel. Astigmatism (D) 3.04 2.04 4.05 243 1.89 291 0.11
Sph. Ab. (um) -0.040 -0.132 0.020 -0.023 -0.046  -0.008 0.59
Temporal aberrations
Rel. SE (D) -1.52 -2.09 -0.64 -1.38 -2.44 -0.12 0.90
Rel. Astigmatism (D) 1.44 0.83 1.96 1.08 0.66 1.70 0.43

Sph. Ab. (um) -0.022 -0.061 0.011 0.000 -0.044 0.022 0.95
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Ray tracing simulation

The ray tracing simulations using the pseudophakic Escudero-Sanz eye model without ad-
ditional modifications showed a symmetric decrease of the SE of refraction in the peripheral
visual field, similar to the in-vivo aberrometry of the pseudophakic controls (Figure 2.6A,
G). Increasing the axial distance between the iris and IOL by 0.4 mm resulted in an overall
increase in SE of approximately 1 Dioptre (Figure 2.6B, G). A temporally decentered IOL
resulted in an asymmetric change in SE, where a more negative SE was seen at nasal eccen-
tricities than at temporal eccentricities (Figure 2.6C, G).

Tilting solely the iris had almost no effect on the resulting aberration profile (Figure 2.6D,
G). A combined temporal tilt of the iris and the IOL, however, resulted in an asymmetric
change similar to the change induced by a temporal decentration of the IOL, with a more
negative SE at nasal eccentricities (Figure 2.6E, G).

Inducing a positive degree angle kappa, which is equivalent to a temporal rotation of the
eye, also resulted in an asymmetric peripheral aberration profile. Similar to the simulation
with a temporal decentration of the IOL, a stronger decrease in SE was observed at nasal
eccentricities (Figure 2.6F, G). The amount of asymmetry (0.7 D) was however smaller com-
pared to a decentration of the IOL (1.6 D) or a combined tilt the iris and the IOL (1.2 D,
Figure 2.6G). The simulations using the two eye-models described by Holladay and Simp-
son provided similar results,” although with differences in magnitude of both the peripheral
aberrations and their asymmetric development to higher eccentricities due to the differences
in the eye geometry and IOL properties (Supplementary Figure 2.1).
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Figure 2.6: Ray tracing analyses on the effect of several of the proposed origins of ND on the peripheral
ocular aberrations. A-F) Schematic representation of the tested conditions. A) reference model. B) an
increased axial distance between the iris and IOL. C) temporal decentration of the IOL. D) temporal tilt
of the iris. E) combined temporal tilt of the iris and IOL. F) positive angle kappa. G) The simulations
for decentered IOL, a tilted iris and IOL and an increased angle kappa show a similar asymmetry in
the peripheral spherical equivalent of refraction (SE) as observed in patients with ND.
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2.4 Discussion

Since the initial description of negative dysphotopsia in 2000,> various aetiological theories
have been proposed.®*710 These theories have however not yet been confirmed nor dis-
proved due to a lack of clinical data on the anterior chamber configuration in ND. In this
study, we present an elaborated combination of quantitative geometrical and optical mea-
surements in pseudophakic eyes with and without ND in order to provide clinical insights
in anatomical differences that are associated with ND.

The group of patients with ND was comparable to the group of pseudophakic controls, ex-
cept for a higher percentage of females, a shorter axial length and a larger variation in IOL
types (Table 2.1). Both the higher percentage of females and the shorter axial length have
been reported earlier for patients with ND,?!* and might be related to each other.3® Addi-
tionally, a wide variety of IOL types was implanted in the studied group of patients with
ND, confirming the earlier reports that ND is not just occurring with certain IOL types.!®
As the pseudophakic controls were included from a limited number of clinics, a smaller va-
riety of IOLS were implanted in this cohort. Although this is a limit of the study design,
we do not expect this to influence the results, as the outcome measurements, such as pupil
diameter, are relatively invariant of IOL design and the IOL types of the control group are
also present in the ND group.

As the cornea is the strongest refractive element of the eye, any distinct difference in corneal
shape could result in severe visual complaints, both centrally and peripherally. The main
components of the total corneal wavefront along the horizontal meridian were comparable
between patients with and without ND (Figure 2.3), rendering it unlikely that ND origi-
nates from an abnormal corneal shape. Although the location of the corneal incision of the
cataract surgery could affect the peripheral aberrations, a direct causal relation with ND is
unlikely as no significant differences were observed in the total corneal wavefront.

Although anterior segment imaging showed no abnormalities in either the cornea or the
ACD of patients with ND, it revealed three significant differences in the iris configuration.
Firstly, a smaller pupil diameter was found in patients with ND, which is in line with the
theoretically demonstrated relationship between pupil size and ND.*!° Secondly the pupil
centers of patients with ND were more temporally located with respect to both the corneal
vertex and the visual axis. This pupil decentration is probably related to the third difference,
a significantly stronger tilted iris towards the temporal side with respect to the visual axis
in patients with ND. This stronger tilt indicates that, with respect to the visual axis, either
the iris is tilted more temporally within the eye or the eye is rotated more temporally. Such
a temporal rotation of the eye could be caused by a larger positive angle kappa,” %34 which
is one of the possible causes of ND.? Although a correlation between angle kappa and axial
length has been reported,® it cannot be the cause of the 1.5 degrees increase in angle kappa,
as the 0.9 mm increase in axial length would correlate to less than a 0.5 degrees increase in
angle kappa.®

Clear differences were also found in the peripheral ocular aberrations. Overall, patients
with ND show an asymmetric decrease in SE towards the nasal visual field, which results
in a significant lower relative SE at 30 degrees. These peripheral aberration measurements
would ideally have been performed at higher eccentricities as ND is generally not appar-
ent at 30 degrees. Unfortunately, there are currently no techniques available to assess the
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optical wavefronts at higher eccentricities, as the quality of the Hartmann-Shack images de-
teriorates at the far peripheral field. Although the peripheral aberrations are partly affected
by the slightly different axial lengths and implanted IOL types between both study groups,
these differences are not likely to be causative of the observed asymmetry in the peripheral
myopization. The relatively low eccentricities at which the aberrations were assessed in
this study explain why no direct effect of ND, such as a loss of signal, was observed in the
temporal visual field. These measured differences in mid-peripheral eccentricities between
both groups do, however, aid in the understanding of ND, as they provide a link to the ray
tracing simulations in which the effect of a difference in ocular geometry is evaluated.

Ray tracing simulations showed that several of the tested potential factors of influence on
the origin of ND result in an asymmetric change in SE towards higher eccentricities, simi-
larly to patients with ND. In particular, these asymmetries could be induced by a temporal
decentration of the IOL, a combined temporal tilt of the iris and the IOL, and a temporal
rotation of the eye with respect to the visual axis resulting from a positive angle kappa
(Figure 2.6C, E, F). As the clinical slit lamp evaluations revealed no evident abnormalities, a
strong temporal decentration of the IOL is unlikely.® This confirms earlier ray tracing stud-
ies that suggest a minor role of IOL decentration in the aetiology of ND.? Furthermore, since
a tilt of solely the iris only had a very minor effect on the peripheral refraction (Figure 2.6D),
the observed asymmetric peripheral refraction in ND is likely caused by either a combined
tilt of the iris and IOL or from a rotation of the eye with respect to the visual axis. Both
of these effects would result in the observed increased iris tilt in the subjects with ND, but
only a rotation of the complete eye would result in the increased decentration of the pupil
center.

Earlier ray tracing stimulations have shown a clear relationship between a larger positive
angle kappa, and discontinuity in retinal illumination.? It has furthermore been suggested
that such an temporal rotation of the eye with respect to the visual axis would additionally
result in a more anterior position of the function nasal retina (Figure 2.6F), thereby increas-
ing the perception of ND.%’ Although the combined analysis of the data of this study pro-
vides a strong support for an increased angle kappa as one of the main contributing factors
to ND, other factors can play an additional role in the origin of ND. The potential role of
neural adaptation,3”38 for example, requires a different set of examinations to gain insight
in it potential contribution to the spontaneous resolution of the complaints in some patients.
The results of this study can, however, explain the reported preventative effect of implant-
ing IOLs with the haptics oriented horizontally,' as this orientation could put the haptics
in the path of rays of light passing through the gap between the iris and IOL. Ray tracing
simulations using fully personalized eye models could aid to identify these factors.!:! For
a clinically relevant assessment using these analyses, however, the orientation of the iris
and the location of the IOL with respect to the iris need to be personalized as well.

These, fully personalized, simulations could also aid in the design of an effective treatment
for ND which takes the increased angle kappa into account. They might furthermore provide
insight in the suboptimal results of treatments such as laser capsulotomy,'”-!® implanting a
piggyback IOL!11? or exchanging the IOL.2’ Any of these treatments can change the con-
figuration of the anterior eye chamber, and thereby potentially reduce the chance of light
rays passing through the iris-IOL gap.

Overall, this study identified several anatomical differences between patients with and with-
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out ND that provide a basis for further research. There are however some study limitations
that should be considered while interpreting these results. Ideally, the study would have
been a prospective cohort study in which the patients were included before cataract surgery.
This would also result in a more uniform distribution of IOL types and allow for the inclusion
of peroperative data, such as the location of the corneal incision, in the analysis. However,
given the low incidence of persistent ND of about 3%,3 this is not feasible. Furthermore, the
group differences in axial length and sex could have introduced a bias in the measurements,
but this could also be a predisposition to ND as other studies also observed a similar differ-
ence.>1* Additionally, other studies reported a higher incidence of ND in the left eye,3>14
which was not present in our study population. Finally, the eye models for the ray tracing
analyses were not fully personalized to completely match the eyes of individual ND pa-
tients, which would allow for a more in-depth analysis of the optical interplay between the
anatomy of the eye and the IOL.

This study provides, despite these limitations, valuable insight in the aetiology of ND based
on clinically measured data, which yields a base for further research on the origin, man-
agement and prevention of ND. The measurement and simulation results show that the iris
and IOL plane are rotated temporally with respect to the visual axis, which corresponds to
the role of an increased angle kappa in earlier ray-tracing studies on the aetiology of ND.
While these anatomical differences cannot be modified easily, IOL designs can be optimized
mitigate the effect of differences, which could benefit the treatment of ND or might even
prevent it from occurring. Furthermore, the presented anatomical differences might be able
to pre-operatively select patients which have a high risk of ND after cataract surgery, but
larger, prospective studies are needed to develop and validate this. In conclusion, this study
presents the first clinical insight in anatomical differences between patients with and with-
out ND that both substantiate one of the leading theories behind the aetiology of ND and
provides a basis for further research.
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2.6 Supplementary material
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Supplementary Figure 2.1: Ray tracing results for the analysis shown in Figure 2.6 but with eye-
models as defined by Holladay and Simpson.” A) Eye-model with an acrylic IOL. B) Eye-model with a
silicone IOL. The results show similar asymmetries as the results shown in Figure 2.6, however with
a different magnitude of asymmetry due to the difference in eye-model and IOL design. These results
indicate that the observed changes in peripheral refraction are not dependent on IOL design.
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Chapter 3

Abstract

Purpose: Assessment of potential relationships of intraocular lens (IOL) position and reti-
nal shape in negative dysphotopsia.

Setting: Department of Ophthalmology, Leiden University Medical Center, Leiden, the
Netherlands.

Design: Case-control study.

Methods: High-resolution ocular MRI scans were performed in thirty-seven patients with
negative dysphotopsia (ND) and twenty-six pseudophakic controls and used to determine
the displacement and tilt of the in-the-bag IOL with respect to the pupil and iris. Addition-
ally, anterior segment tomography was used to assess the iris-IOL distance. Furthermore,
the retinal shape was quantified from the MRI-scans by fitting an ellipse to the segmented
inner boundary of the retina. Both the IOL position and retinal shape were compared be-
tween groups to assess their potential role in the etiology of ND.

Results: The average displacement and tilt of the IOL were below 0.1 mm and 0.5 degrees,
respectively, in both groups and all directions. The corresponding average iris-IOL distance
was 1.1 mm in both groups. Neither of these values differed significantly between groups
(all p-values > 0.6). The retinal shape showed large variations but was not significantly dif-
ferent between the groups in both the left-right (p=0.10) and the anterior-posterior (p=0.56)
direction.

Conclusions: In this study, we showed that the in-the-bag IOL position and retinal shape
are not significantly different between patients with ND and the general pseudophakic pop-
ulation. Given the large variation in retinal shape between subjects, however, it could still
be an important factor in a multifactorial origin of ND.
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3.1 Introducion

Negative dysphotopsia (ND) is a visual complaint that can occur after an otherwise unevent-
ful cataract surgery and is generally described as a shadow or dark region in the far periph-
eral visual field that is mainly experienced under photopic conditions.! The incidence of
ND is reported to be up to 19% directly after cataract surgery when actively asked.>* Al-
though it generally improves or fully disappears over time,* 3.2% of patients are still expe-
riencing complaints one year after surgery,* making additional treatment often necessary.
The treatments proposed for ND are mostly surgical, and are generally aimed at affecting
the path of light within the eye.»>>~13 None of the proposed treatments have shown to fully
resolve ND in all cases and additional understanding of the exact origin of ND is required to
fully resolve this condition. Many potential factors of influence have been proposed, includ-
ing pupil size, angle kappa, size of the capsular overlap, diffusiveness of the capsular bag,
position of the IOL with respect to the iris, design of the IOL and extent of the functional
nasal retina,%%%10:14-17

For most of these factors, clinical validation based on evaluations of larger patient groups
has not yet been reported. Recently, we combined multiple optical evaluations to establish
clinical support for a smaller pupil size, a more temporally displaced pupil center, a stronger
temporally tilted iris, and a difference in peripheral refraction in patients with ND compared
to pseudophakic patients without complaints.'® These optical measurements can, however,
not assess all the factors that are potentially involved in ND, as visual inspection of part
of the eye is prevented by the iris. For example, the IOL position cannot be accurately
determined behind the natural, non-widened, pupil. Furthermore, optical techniques are
not able to evaluate the peripheral retinal shape, which could be a contributing factor to
ND, since it is experienced in the far peripheral field.

Magnetic Resonance Imaging (MRI) is, unlike conventional ophthalmic imaging modalities,
in principle able to provide insight in a number of these factors, as it is able to image the
complete eye. MRI can therefore visualize the location of the IOL and the shape of the
retina. Unfortunately, as high-resolution ocular MR-images are generally affected by eye
motion, the resolution of ocular MRI was too limited for detailed anatomical mapping of
the retina and IOL.1%2% Recent advances in MRI, such as ultra-high field MRI, have how-
ever enabled the acquisition of high resolution ocular MR-images without increasing the
acquisition time.?1?? Furthermore, dedicated eye-protocols have made the MR acquisition
less prone to eye-motion related artefacts that would otherwise prevent clinical interpreta-
tion.?%?3 As a result of these advances, the complete eye can now be imaged with MRI with
high accuracy.?4~2¢ In this study we used these high resolution MRI-techniques to quantify
both the in-the-bag position of the IOL and the retinal shape in the pseudophakic population
in order to assess their potential relation with ND.
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3.2 Methods

Thirty-seven patients with ND and twenty-six pseudophakic controls with in-the-bag im-
planted IOLs were prospectively studied at the Leiden University Medical Center as part of
the ESCRS vRESPOND study (CCMO-registry number: NL58358.058.16). The study was per-
formed in conformance with the tenets of the Declaration of Helsinki and approved by the
local Medical Ethics Committee. The criteria for the diagnosis of ND consisted of a patient-
reported shadow or dark region in the temporal peripheral visual field that occurred after
an otherwise uncomplicated cataract surgery and the absence of any other evident cause
of this visual complaint. Thirty-three of the thirty-seven patients with ND (89%) actively
reported ND-like complaints to their ophthalmologist after cataract surgery, while four pa-
tients with ND (11%) reported a temporal shadow upon active screening in the context of a
scientific study. In total twenty-eight of the thirty-seven patients with ND (76%) were re-
ferred from other hospitals or clinics. Twenty-six pseudophakic controls were included from
three different sites after reporting no temporal shadow upon active screening at inclusion.
One control was excluded during the study as the MR-images revealed staphyloma. As a
result, the final analyses were performed on thirty-seven patients with ND and twenty-five
pseudophakic controls.

%2
%2

Figure 3.1: Examples of high-resolution 3D MRI scans. A) A 3DT1 scan with normal quality in
transversal (T.) view, showing a hypointense IOL. The sagittal (S.) and coronal (C.) reconstructions
are also shown B) A 3DT2 scan with normal quality. C) 3DT1 scan with normal quality and a hyper-
intense, hydrophilic, IOL. D) A 3DT1 scan with mild motion artefacts that required manual correction
of the segmentation. E) A 3DT2 scan with movement artefacts that required the use of a scan with a
slightly lower resolution that did not have cued-blinking motion control.
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For each subject, one eye was imaged on a 7 Tesla Philips Achieva MRI (Phillips, Best, the
Netherlands) using a dedicated eye coil.?” Two types of three-dimensional MR-images were
acquired, a T1 weighted scan (3DT1) with a resolution of 0.45x0.45x0.90 mm?> (Figure 3.1A)
and a T2 weighted scan (3DT2) with a resolution of 0.6x0.6x0.6 mm?® (Figure 3.1B). A cued-
blinking protocol was used to minimize ocular motion in both scans.?>?* For subjects who
had difficulty to adhere to the cued blinking instructions, a faster scan with a slightly lower
resolution of 0.75x0.75x0.75 mm? that required no blinking was added. Additionally, the eye
was evaluated with the Lenstar LS900 biometer (Haag-Streit AG, Koniz, Switzerland) and the
Pentacam anterior segment tomographer (Oculus Optikgerite GmbH, Wetzlar, Germany).

The 3DT1 MRI-scan was acquired with a gradient echo readout with an echo time of 2.5 ms,
a repetition time of 4.9 ms and a flip angle of 10 degrees. For the 3DT2-scan, the acquisition
was performed using a turbo spin echo readout with an echo time of 254 ms, a repetition time
of 2500 ms and a refocusing angle of 35 degrees. The geometrical relationship between the
iris and the IOL was assessed on the T1-weighted images, as they had the highest resolution,
while the retinal shape was evaluated on the T2-weighted images due to their increased
contrast to noise ratio between the vitreous and retina.

To assess the alignment and tilt of the IOL with respect to the pupil and iris on the MR-
images, dedicated software was in-house developed in MeVisLab (version 3.0.2, MeVis Med-
ical Solutions AG, Bremen, Germany). Within this software, two 3D multiplanar reconstruc-
tions (MPRs) were created from the 3DT1-scans to accurately define the IOL and iris plane
for each subject (Figure 3.2A). On these MPRs, the pupil and IOL were annotated manually
by a best-fit circle (Figure 3.2B, C), after which their relative alignment and tilt in 3D were
assessed in the horizontal and vertical direction. This procedure was fully repeated for the
horizontal alignment in 15 randomly selected healthy controls to assess the reproducibility
of the analysis. Additionally, to assess the distance between the anterior surface of the iris
and the IOL, a 2D plane was automatically fitted to the iris on the topography measurement
as described previously,'® and the difference between the axial location of this plane and the
anterior chamber depth (ACD) was calculated. As the Pentcam’s ACD measurements are re-
ported to be incorrect in some pseudophakic patients,?® the ACDs were measured manually
on three different Scheimpflug images and subsequently averaged.

Sagittal Transversal

Figure 3.2: Example of the determination of the geometrical relation between the iris and the IOL
using the 3DT1 MR-images. A) The multiplanar reconstruction planes defined through the iris (green
line) and through the IOL (red line) on a sagittal and transversal view. B) The reconstructed image of
the iris with a manual annotation of the pupil by a best-fit circle (green semi-circle). C) The recon-
structed view of the IOL with a manual annotation of the IOL optic by a best-fit circle (red semi-circle).
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Figure 3.3: Example of the determination of the retinal shape using the 3DT2 scan. A) The segmented
boundary of the vitreous body (purple). B) The segmented vitreous body (light purple), the IOL center
(blue), the vitreous center (orange) and the horizontal slice selected for ellipse fitting (red). C) The
ellipse fitted to the retinal surface for one subject (dashed black line), as well as the original data that
was fitted. The color of the data depicts the fitting residuals at each data point.
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The retinal shape was evaluated by automatically segmenting the inner boundary of the
retina-sclera complex on the 3DT2-scan using 3D subdivision fitting in MevisLab,?* pro-
viding an 3D shape of the vitreous body that includes posterior vitreous detachments if
present (Figure 3.3A). The central axis of the eye was then defined as the line through the
center of the vitreous body and the center of the manually annotated IOL (Figure 3.3B). An
ellipse was subsequently fitted through a horizontal cross-section of the retina (Figure 3.3B,
C) by minimizing the orthogonal distance between the segmented retina and the ellipse,
using the SciPy library in Python (version 3.6, Python Software Foundation, Beaverton,
Oregon, USA).?’ The degrees of freedom of the ellipse in the fitting process were limited to
its left-right (LR) radius, its anterior-posterior (AP) radius and the AP position of its center
(Figure 3.3C).

In the statistical analysis, the axial length, the geometrical relationship between the iris and
IOL were compared between groups using Levene’s tests for the variation and unpaired t-
tests for the averages. Furthermore, the relation between axial length and retinal shape was
assessed by calculating the Pearson correlation coefficient between the axial length and the
radii of the fitted ellipse. Finally, the retinal shape, represented by the width and height of
the fitted ellipse, was compared using an ANCOVA test with the axial length as covariant.
All statistics were performed in SPSS 25 (IBM Corp., Armonk, New York, USA) with an alpha
below 0.05 as threshold for statistical significance.
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3.3 Results

The demographic characteristics showed similar lateralities of the measured eyes (p=1.00)
and keratometry values (p=0.67) for both groups. The group of patients with ND however
contained a significantly higher percentage of females (p<0.01) as well as younger subjects
(p=0.04) than the group of pseudophakic controls (Table 3.1). The average internal ACD
was 4.2 + 0.4 mm [mean + standard deviation (SD)] for the patients with ND and 4.3 + 0.2
mm for the pseudophakic controls. These ACDs showed no significant difference in varia-
tion (Levene’s p=0.14) or in mean value between both groups (p=0.32). The corresponding
axial lengths were on average 23.3 + 1.0 mm for the patients with ND and 24.0 + 1.5 mm
for the pseudophakic controls, with an unequal variation (Levene’s p=0.04) and significant
difference (p=0.04) between both groups (Table 3.1).

All patients completed the full MRI-protocol (Figure 3.1A, B), however, the faster scan with
a slightly lower resolution that required no blinking was added for two subjects as they had
difficulty to adhere to the cued blinking instructions. The IOL could be clearly discrimi-
nated from the surrounding structures on both T1- and T2-weighted images. On T1, the
hydrophobic IOLs appeared hypointense (Figure 3.1A) whereas the hydrophilic IOL types
where hyperintense (Figure 3.1C). On T2-weighted images, all IOLs appeared hypointense
compared to the vitreous (Figure 3.1B). The 3DT1 was of insufficient quality to determine the
iris and/or IOL location in 3 pseudophakic controls (Figure 3.1D), and the automated quan-
tification of the retinal shape based on the 3DT2 required manual correction in 4 patients
with ND and 2 pseudophakic controls due to movement artefacts (Figure 3.1E). All other
ocular measurements were completed successfully. On the tomography images of two pa-
tients with ND and one control, however, the IOL could not be visualized, preventing the
determination of the iris-IOL distance.

Table 3.1: Demographic characteristics of patients with ND and pseudophakic controls. The groups
were similar in all parameters except for a higher percentage of female subjects in the group of patients
with ND and slightly longer eyes in the group of pseudophakic controls.

Patients Pseudophakic —value
with ND controls P
N Subjects 37 25
Sex (%Female) 86.5 48.0 <0.01
Laterality (%Right) 43.2 44.0 1.00
Age (Years)
Mean + SD 66.1 £ 8.1 70.4 + 8.1 0.04
Km, corneal (D)
Mean + SD 440 = 1.5 441 + 1.3 0.67
Anterior Chamber
Depth (internal)’ (mm)
Mean + SD 4.2 +04 43 £ 0.2 0.32
Axial length (mm)
Mean + SD 233 +£ 1.0 240 £ 1.5 0.04

* The anterior chamber depth was measured manually on three different Scheimpflug images and averaged. This
measurement was not possible for 2 patients with ND and 1 pseudophakic control.
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The average distance between the iris and the IOL, as determined with anterior chamber
tomography, was 1.1 + 0.2 mm in both patients with ND and pseudophakic controls and
did not differ significantly between both groups (p=0.75; Figure 3.4A). The displacement of
the IOL center with respect to the pupil center, as determined on the 3DT1 MRI scan, was
on average 0.0 + 0.2 mm in the horizontal plane and 0.0 + 0.3 mm in the vertical plane for
the patients with ND. For the pseudophakic controls, this displacement was 0.1 + 0.3 mm
horizontally and 0.0 £ 0.3 mm vertically. No significant differences in IOL alignment were
apparent in either horizontal (p = 0.36) or vertical (p=0.71) direction (Figure 3.4B, Table 3.2).
The reproducibility analysis of the horizontal IOL alignment showed a small non-significant
bias of 0.01 mm with a standard deviation of 0.23 mm between both analyses.

The average tilt of the IOL with respect to the iris, as obtained from the T1 weighted images,
was 0.0 £ 0.5 degrees horizontally and 0.3 + 1.3 degrees vertically for the patients with ND.
For the pseudophakic controls, this tilt was 0.0 £ 0.3 degrees horizontally and 0.5 + 0.9
degrees vertically. Neither in the horizontal (p=0.70) nor vertical (p=0.54) direction, did
these findings differ significantly between both groups.

The determined retinal shapes, quantified by the radii of the fitted ellipses, showed signif-
icant correlation with the axial length, with all p-values being <0.01 (Figure 3.5). For the
patients with ND, the average radius was 10.4 = 0.6 mm in the AP direction and 11.7 + 0.5
mm in the LR direction. For the controls, these average radii were 10.7 = 0.8 mm and 11.8 +
0.6 mm, respectively (Figure 3.5, Table 3.3). When the axial length was taken as a covariate,
no significant differences were found between the LR-radii (p=0.10) or the AP-radii (p=0.56)
of both groups.
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Figure 3.4: Evaluation of the geometric relation between the iris and IOL. A) Distance between the
iris and the IOL as measured with anterior segment tomography for patients with ND (red) and pseu-
dophakic controls (gray) together with the groupwise means (black dots) and standard deviations
(vertical black lines). B) Displacement of the IOL center with respect to the pupil center and tilt of the
IOL with respect to the iris as measured with ocular MRI. Positive values indicate a displacement or
tilt towards the temporal or superior side.
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Table 3.2: Evaluation of the geometric relation between the iris and IOL using the 3DT1 MR-images.
Displacement of the IOL is reported with respect to the pupil center and the IOL tilt relative to the
iris plane. Positive values indicate a displacement or tilt towards the temporal or superior side. No
significant differences were found between the groups.

Patients Pseudophakic val
with ND controls prvatue
Included subjects (n) 37 22
IOL displacement, horizontal (mm)
Mean + SD 0.0 £ 0.2 0.1 + 0.3 0.36
IOL displacement, vertical (mm)
Mean + SD 0.0 £ 0.3 0.0 + 0.3 0.71
IOL tilt, horizontal (degrees)
Mean + SD 0.0 £ 0.5 0.0 £ 0.3 0.70
IOL tilt, vertical (degrees)
Mean + SD 03 £ 1.3 0.5 £ 0.9 0.54

Table 3.3: Evaluation of the retinal shape. The radii of the ellipse fitted to the retinal surface. AP =
Anterior-posterior; LR = left-right. No significant differences were found between both groups.

Patients Pseudophakic —value
with ND controls P
Included subjects (n) 37 25
Fitted ellipse, AP Radius (mm)
Mean + SD 104 + 0.6 10.7 £ 0.8 0.10
Fitted ellipse, AP Radius (mm)
Mean + SD 11.7 £ 0.5 11.8 £ 0.6 0.56
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Figure 3.5: Evaluation of the retinal shape. The shape is quantified by radii in the left-right (LR) and
anterior-posterior (AP) direction for patients with ND (red) and pseudophakic controls (gray) together
with the groupwise means (black dots) and standard deviations (vertical black lines). Additionally, the
insets show the correlations between these radii and the axial length. All correlations are significant
(p<0.01), with Pearson r values of >0.65 for the LR-radius and of >0.88 for the AP-radius. When
the axial length was taken as a covariate, no significant differences were found between the LR-radii

(p=0.10) or the AP-radii (p=0.56) of both groups.
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3.4 Discussion

The exact mechanism behind ND has been unknown since its original description in 2000,
and even though various studies on the origin of this complaint have been performed, many
potential factors of influence are still to be evaluated in clinical studies. In this study, we
compared the in-the-bag position of the IOL as well as the retinal shape between a group of
patients with ND and a group of pseudophakic controls. Using these groups, we were not
able to identify significant differences between patients with and without ND in either the
in-the-bag position of the IOL or in the retinal shape.

Both groups showed similar demographic characteristics, except for a significantly higher
percentage of females (p<0.01), a significantly younger age (p=0.04) and a small, but sig-
nificantly shorter axial length (p=0.04) in the patients with ND. Both the younger age and
shorter axial lengths of patients with ND were also reported in the study of Makhotkina
et al.3 In a different study, they also reported a higher percentage of females than males
within their evaluated treatment group.® Furthermore, a relation might exist between the
percentage of females and the shorter axial length, but the nature of such a relation cannot
be inferred from the current data.>

The axial position of the IOL was similar in both groups, with an approximately equal dis-
tance between the iris and the IOL (Figure 3.4A). Additionally, only small variations were
seen in both the horizontal and vertical displacement of the IOL with respect to the pupil
center in both groups, with all displacements being below 0.8 mm (Figure 3.4B, Table 3.2).
Furthermore, the tilt of the IOL with respect to the iris showed minor within-groups vari-
ations for horizontal tilts, with all tilts below 2.0 degrees, and a slightly larger variation in
the vertical direction, with all tilts below 4.0 degrees (Figure 3.4B, Table 3.2). Overall, the
variation of these measurements was also comparable between both groups (Figure 3.4A, B,
Table 3.2), not resulting in significant differences with p-values of 0.6 and higher. The larger
variation in vertical direction might be the result of haptic design and haptic orientation,
but more knowledge on the exact IOL design is required for a more in-depth analysis of this
difference. In an earlier study, largely based on the same group of subjects, it was found
that the iris of patients with ND showed a significantly larger tilt towards the temporal side
of the head compared to the iris of pseudophakic controls.!® As the current result showed
that the IOL is aligned with the iris, it strengthens the idea that the complete eye of patients
with ND is rotated more towards the temporal side of the head instead of solely the iris,
which is in line with the thought that patients with ND might have a larger angle between
the optical and visual axis.!*1%

The retinal shape, quantified by the radii of a fitted ellipse in AP and LR direction, showed
comparable radii in both patients with ND and pseudophakic controls that were on average
larger in the LR-direction in both groups (Figure 3.5, Table 3.3). These radii correlated sig-
nificantly with the axial length, which correspond to the earlier described correlations of
similar measurements with refraction and of axial length with refraction.3®3! Additionally,
the difference between the AP and LR-radii correspond to a positive asphericity of the reti-
nal surface,32 which is in agreement with the study of Atchison et al.?® The lack of difference
between both groups indicates that it is unlikely that ND is primarily caused by a difference
in retinal shape. It is furthermore noteworthy that the width of the eye was similar in both
groups, as this width, together with the location of the ora serrata, will affect the peripheral
visual field eccentricities from which light is perceived on the functional retina, as well as
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how it is perceived. However, the location of the ora serrata cannot be obtained from the
MR-images, so this cannot yet be fully assessed.

Although this study did not reveal differences in IOL position or retinal shape between
patients with and without ND, this absence of differences could potentially be the result
of study limitations such as the limited resolution of the MRI or the number of evaluated
subjects. However, the reproducibility of the MRI measurement shows that given the size
of our cohort, the mean horizontal IOL displacement of patients with ND was less than 0.1
mm (p=0.05), making it unlikely to be the primary cause of ND. Additionally, an earlier
study showed a high, subpixel, reproducibility of 0.1 mm in the retinal shape description
using a similar high-resolution MRI protocol.?* The observed high, >2 mm, inter-subject
variation in radii of the eye in both groups are therefore not the result of a measurement
uncertainty, but caused by the natural variation in eye shape. Given the similar variation
in retinal shape within both groups, this shape is therefore unlikely to be directly linked to
ND. The inter-subject variation of the retinal shape will however be of interest for future
studies using ray-tracing simulations to assess peripheral vision and related complaints such
as ND. For these assessments, a more accurate retinal description will allow for a more
accurate determination of whether ta peripheral shadow would be sufficiently in focus to
be perceived by the subject or not. However, future studies should fully personalize eye-
models to enable patient-specific ray tracing analyses for these assessments.

These patient-specific ray tracing analyses could furthermore aid in linking these factors
with the earlier described differences in the anterior chamber configuration of patients with
ND, such as an increased angle kappa.'!® Additionally, these analyses can potentially pro-
vide insight in the exact mechanism of certain reported treatments, including for example
placement of a secondary sulcus IOL2371° reverse optic capture,'? and various types of
IOL-exchange,’ ! and link them to the ocular anatomy. Furthermore, they could include
the proposed optical effects caused by the lens capsule,!*1® although this should not ex-
clude clinical measurements confirming their presence in the ND population. As MRI, CT
and ultrasound are generally not sensitive to these optical changes of the tissue, an optical
imaging modality, capable of assessing the edge of the IOL, is probably required.

In this study, we used high resolution MR-images to show that the alignment of the in-the-
bag IOL and its tilt with respect to the iris, as well as the retinal shape of patients with
ND is not significantly different from the general pseudophakic population. Given the wide
distribution of retinal shapes, however, the retinal shape could still be an important factor
in a multifactorial origin of ND and should therefore not be ignored.
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Chapter 4

Summary

Zemax OpticStudio (Ansys, Inc) is a commonly used software package for designing opti-
cal setups and performing ray tracing simulations. It offers an Application Programming
Interface (API) but interacting with this API is complex. Consequently, current ray tracing
simulations generally require substantial manual user interaction, which in turn hampers
the sharing of methods between scientists. We have therefore developed ZOSPy, a Python
package that provides an accessible interface as well as unit tests. As a result, ZOSPy en-
ables scientists to focus more on optical modelling instead of coding and contributes to open
science as optical setups and analyses can easily be shared amongst users.
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4.1 Statement of need

Ray tracing simulations are widely used to design, optimize and analyze optical systems. Its
applications are diverse, ranging from designing spectrometers! or telescopes,? to under-
standing the optics of the human eye.3™> Moreover, in ophthalmology, ray tracing is used to
optimize the outcomes of cataract surgery®’ and evaluate the accuracy of ocular radiother-
apy.® These optical simulations are often performed in OpticStudio, which offers a powerful
set of tools to design, optimize and evaluate optical systems.

Although OpticStudio offers an API, the ZOS-API, using this API in Python is complex and
time-consuming. It involves, for example, establishing a connection with the API through
the NET framework, casting between .NET and Python datatypes, identifying which con-
stants need to be set in specific cases, and working around non-uniform methods of parsing
the output.” This leads to studies which, in practice, largely rely on user interaction. Al-
though OpticStudio can perform Monte Carlo analyses, where a large number of random
perturbations of the system are generated and analysed in an automated way, this type of
automation is not suitable when large sets of specific, non-random, combinations of pa-
rameters need to be analysed. In vision science, for example, ray tracing is used to design
artificial lenses for the eye,'%!! but their evaluation in a large set of patients is hindered as
the anatomical parameters of each subject’s eye need to be entered manually. As a result,
clinical studies typically describe vision-related complaints in cohorts of hundreds of eyes,'?
but the ray tracing studies aiming to link these outcomes to the subject’s ocular optics are
limited to a small number of eyes.>!3

With ZOSPy, we provide an easy-to-use and accessible interface to the OpticStudio API,
enabling the user to focus on optical modelling instead of complex coding. As a result,
those who are not familiar with the intricacies of the ZOS-API interface will be able to read
and comprehend scripts that use ZOSPy. Thereby, ZOSPy provides greater accessibility to
conducting analyses in OpticStudio through Python, than directly using the ZOS-API.
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4.2 Functionality

ZOSPy is, in its most basic form, a Python wrapper around the OpticStudio APL It facil-
itates the .NET connection required to connect to OpticStudio through its AP, as well as
all subsequent casting of variables between .NET and Python. Additionally, it provides
object-oriented methods to define surfaces and their optical properties. Furthermore, it of-
fers single-line, easy to understand, methods to perform analyses that return the analysis
results in a uniform way. As a result, ZOSPy enables a straight-forward interaction with
OpticStudio and improves code readability, which facilitates method sharing between sci-
entists.

ZOSPy also offers autocompletion. Interacting with OpticStudio through its API requires
the use of many constants, for example to define the shape of an optical surface or initiate
an analysis. These constants do not autocomplete in IDEs such as PyCharm or VS Code as
the API is built on the NET framework. As a result, the user has to know the exact name
of each constant, for example ZOSAPIL Analysis.Settings.Mtf-MtfTypes.Modulation. ZOSPy,
however, includes stubs for all constants and functions, enabling full autocompletion.

Finally, ZOSPy offers a set of unit tests to assure that the software provides correct results.
These tests provide means to compare results across ZOSPy and Python versions, as well as
across versions of OpticStudio. The current version of ZOSPy provides basic tests for the
most common optical surfaces and analyses.
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4.3 Use cases

Multiple examples, from modelling the effect of a coated prism on the polarization of light
to assessing the optical characteristics of the human eye have been contributed to ZOSPy.
These examples provide new users with an easy start with ZOSPy. Part of a simple example
of using ZOSPy to create and evaluate a thick lens is shown in example code 4.1, and the
corresponding results are shown in Figure 4.1.

Furthermore, ZOSPy has been used in different ophthalmic studies. In one of these studies,
ZOSPy was used to evaluate the relation of ocular anatomy to peripheral visual complaints.*
In another study, ZOSPy showed that the extent of an intra-ocular tumor can be overesti-
mated during surgery due to its shadow (Figure 4.2).3

Example code 4.1: Part of a simple example of using ZOSPy to create and evaluate a thick lens

#o...

# Make a 10 mm thick lens with a radius of curvature of 30 mm and
# material type BK10

front_surface = oss.LDE.GetSurfaceAt(2)

front_surface.Radius = 30

front_surface.Thickness = 10

front_surface.SemiDiameter = 15

front_surface.Material = "BK10"

back_surface = oss.LDE.InsertNewSurfaceAt(3)
back_surface.Radius = -30
back_surface.Thickness = 29
back_surface.SemiDiameter = 15

# ...

# Render the model
draw3d = zp.analyses.systemviewers.viewer_3d(oss)

# Calculate the Point Spread function (PSF) of the system and
# subsequently determine the Modulation Transfer Function (MTF)
# as a function of the location of the imaging plane.
huygens_psf = zp.analyses.psf.huygens_psf(
0ss, pupil_sampling="512x512", image_sampling="512x512",
normalize=True)

mtf = zp.analyses.mtf.fft_through_focus_mtf(
oss, sampling="512x512", deltafocus=2.5, frequency=3,
numberofsteps=51)
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Figure 4.1: Results of the example code 4.1. A) The created optical system results in a slightly out
of focus image. B) The Huygens Point Spread Function (PSF) shows the aberrations of the system.
C) The Modulation Transfer Function (MTF) as a function of image plane location shows a maximum
at -1.3mm, indicating that the system will be in focus when the imaging plane is shifted by 1.3mm
towards the lens.
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Figure 4.2: Simulation mimicking the clip surgery for radiotherapy of an intraocular tu-
mor.® The ocular geometry including the dimension of the tumor were loaded into OpticStu-
dio using ZOSPy and the CAD Part: STL object type, after which the retinal illumination
was simulated. The results were rendered using the non-sequential Shaded Model analysis
(zospy.analyses.systemviewers.nsc_shaded_model).
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Chapter 6

Abstract

Objective: To establish a good method to determine the retinal shape from MRI using 3D
ellipsoids as well as evaluate its reproducibility.

Methods: The left eyes of thirty-one volunteers were imaged using high-resolution ocular
magnetic resonance imaging (MRI). The 3D MR-images were segmented and ellipsoids were
fitted to the resulting contours. The dependency of the resulting ellipsoid parameters on
the evaluated fraction of the retinal contour was assessed by fitting ellipsoids to 41 different
fractions. Furthermore, the reproducibility of the complete procedure was evaluated in four
subjects. Finally, a comparison with conventional 2D methods was made.

Results: The mean distance between the fitted ellipsoids and the segmented retinal contour
was 0.03 + 0.01 mm (mean * standard deviation) for the central retina and 0.13 + 0.03 mm
for the peripheral retina. For the central retina, the resulting ellipsoid radii were 12.9 *
0.9, 13.7 £ 1.5 and 12.2 + 1.2 mm along the horizontal, vertical and central axes. For the
peripheral retina, these radii decreased to 11.9 0.6, 11.6 + 0.4 and 10.4 + 0.7 mm, which was
accompanied by a mean 1.8 mm posterior shift of the ellipsoid center. The reproducibility
of the ellipsoid fitting was 0.3 = 1.2 mm for the central retina and 0.0 + 0.1 mm for the
peripheral retina. When 2D methods were used to fit the peripheral retina, the fitted radii
differed a mean 0.1 # 0.1 mm from the 3D method.

Conclusion: An accurate and reproducible determination of the 3D retinal shape based on
MR-imaging is provided together with 2D alternatives, enabling wider use of this method

in the field of ophthalmology.
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MRI-based 3D retinal shape determination

6.1 Introduction

Measurements of the geometrical shape of the eye have obtained an important position
within the field of ophthalmology. Biometry and corneal topography measurements, for
example, have shown to be important for the diagnosis, treatment and follow-up of pa-
tients with refractive conditions.!? Additionally, such measurements have been used to
create and analyze personalized models of the eye in research settings.3"® Thus far, these
geometrical assessments have mainly focused on the anterior segment of the eye, and the
three-dimensional shape of the retina is often disregarded. This three-dimensional shape,
however, is suggested to be of clinical relevance for peripheral vision and ocular radiother-
apy planning.””?

Several assessments of the retinal shape have already been performed using off-axis laser
interferometry.lo’13 These evaluations were, however, limited to measuring the visual field
up to 35 degrees in the horizontal and vertical meridian, covering the central 70 degrees of
the visual field and thus only the more central retina.!!? The use of magnetic resonance
imaging (MRI) as an alternative to off-axis interferometry has also been proposed, since it
is not limited by the optical opacity of tissues and can therefore evaluate the complete eye
in 3D.71415 These 3D MR-images enable direct modelling of the retina as an ellipsoid, but
were initially hindered by their limited resolution. Improvements in MRI-techniques have
enabled acquisition of three-dimensional images of the eye with a higher, sub-millimeter,
resolution,'®™1® enabling the determination of topographic maps of the complete retinal
contour,!” and increasing the accuracy of the determined ellipsoid descriptions.

However, multiple methodological choices, such as the location of the ellipsoid center and
the definition of an optical or central axis, potentially affect the resulting ellipsoidal model.
Unfortunately, the exact effect of these choices on the ellipsoid parameters is not known,
hampering comparisons between different studies. Additionally, even though an earlier
study showed good agreement between MRI and biometry based axial length determina-
tions,!” the reproducibility and accuracy of an MR-based retinal shape determination has
not been determined. These insights are required to further implement retinal shape de-
termination techniques in ophthalmic research and clinical care. Therefore, we assessed
the accuracy, comparability and reproducibility of MRI-based 3D retinal shape determina-
tion to provide a basis for further incorporation of this method in ophthalmic research and
therewith move towards clinical implementations.
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6.2 Methods

The left eyes of thirty-one volunteers without prior ocular surgery were examined at the
Leiden University Medical Center. The study was performed in accordance with the Decla-
ration of Helsinki and was approved by the local medical ethical committee (CCMO-registry
number: NL45166.058.13). Patients were not involved in the design of this study. Written
informed consent was obtained from all subjects prior to enrolment in the study. Subjects
were required to have no contraindications for MRI-scanning.

Measurements

Ocular MR-imaging was performed with a Philips Achieva 7 Tesla whole-body magnet
(Philips, Best, The Netherlands) using a custom-made receive eye coil and a volume transmit
coil (Nova Medical Inc., Wilmington, MA, USA).!”-1° T1-weighted MR-images were acquired
using a 3D inversion recovery turbo gradient echo technique (Figure 6.1A). The scan had a
spatial acquisition resolution of 0.5x0.5x1.0 mm?, a field of view of 46x46x38 mm?, a total
scan time of slightly less than 3 minutes, an inversion time of 1280 ms and a shot interval
of 3 s. The repetition time, echo time and flip angle were 2.5 ms, 4.55 ms and 16 degrees
respectively. A cued-blinking protocol was used to minimize eye-motion artefacts.!®?° In
addition to the MRI measurement, the axial length of the eye from cornea to inner limit-
ing membrane was measured using laser interferometry (Lenstar LS 900, Haag-Streit AG,
Koeniz, Switzerland; mean of two scans).

Segmentation

The retinal contour, defined as the boundary between the hypointense vitreous and the
hyperintense retina-sclera complex, was automatically segmented on the T1-weighted MR-
images using in-house-developed software based on the MevisLab image-processing plat-
form (Version 2.5.1, Fraunhofer MeVis, Bremen, Germany), as previously described.!??! In
short, the outer borders of the lens and vitreous body were automatically detected using
a subdivision fitting algorithm.?1?? This algorithm utilizes intensity-based cost functions
to delineate the lens and vitreous body with subvoxel precision and returns 3D meshes of
the lens and retina (Figure 6.1B). The algorithm requires an initial guess as a starting point,
which was automatically derived from the MR-images using a combination of intensity-
based labelling and region growing, noise reduction, anisotropic diffusion filtering, multi-
thresholding and morphological operations, as described by Beenakker et al.1” Prior to the
subdivision fitting, all initial guesses were inspected and manually corrected if necessary.

Eye orientation

Due to the positioning within the MRI-scanner, the subjects’ gazing direction does not cor-
respond to any axis of the acquired MR-image. Moreover, the fovea and the associated visual
axis are not visible on MR-images.!” As a result, the MR-derived retinal shape data cannot
be compared between subjects or with other ophthalmic measurements without defining a
common axis. Therefore, a central axis was defined as the line between the center of the
segmented lens and the center of the segmented vitreous body.!” This central axis was sub-
sequently aligned with the anterior-posterior axis by rotating the eye around the center of
the lens.
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In vivo, such eye rotations are accompanied by cyclotorsion, a rotation around the visual
axis of which both the magnitude and direction are related to the change in ocular gazing
direction.?3~2 Similarly, the alignment of the MR-data with a common axis will also induce
arotation around the central axis,?* and the magnitude of this induced rotation will likely be
affected by chosen alignment method. To evaluate the relevance of this potential variation
in induced rotation, three different alignment methods were applied and compared. In the
first method, two consecutive rotations were performed in a head-fixed coordinate system.
In the second method, two consecutive rotations were performed in an eye-fixed coordinate
system, where the second rotation axis is affected by the first rotation. In the third method,
only one rotation was performed around the axis defined by Euler’s theorem. A visual and
mathematical description of these methods can be found in the supplementary methods.

After these rotations, the principal axes of the MR-data correspond to the horizontal, vertical
and central axes. All three methods will thus result in the same gaze-direction, but poten-
tially with different amounts of cyclotorsion. The differences between the retinal shapes
resulting from three rotation methods were evaluated by comparing the resulting cyclotor-
sion and calculating the mean distance between the three retinal shapes using k-dimensional
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Figure 6.1: MRI acquisition and automated segmentation results. A) A transversal, sagittal and coro-
nal reformat of the same 3D acquisition. B) The result of the segmentation of this MR-image. C) The
agreement between MRI and laser interferometry in distance between the lens center and inner lim-
iting membrane of the retina. The mean difference between the measurements was 0.10 mm, with
Bland-Altman limits of agreement of -0.18 and 0.39 mm.
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Agreement between MRI and laser interferometry

To evaluate the accuracy of the boundary definition of the automatic segmentation of the
retinal contour, a comparison with the axial length measured using laser interferometry was
performed. As the presence of air in front the eye and under the eyelids can locally affect
MR-imaging and therewith potentially the shape of the cornea on the resulting images, the
cornea was not segmented. Therefore, an adjusted axial length, defined as the distance from
the center of the lens to the inner limiting membrane of the retina, was used to compare
laser interferometry and MRL17

Retinal shape determination

Retinal shapes were quantified by fitting a 3D ellipsoid to the segmented retinal contour
points after correcting for gazing differences. The 3D ellipsoid was defined as:

o2 2
+ _
R

L =1 (6.1)
R, R,

where h, v and ¢ are the coordinates of the contour points in the horizontal, vertical and
central axis, and Ry, R, and R, are the radii of the ellipsoid along its principal axes. These
contour points were expressed relative to the center coordinates of the ellipsoid, (Cy,, C,,
C.), and the principal axes of the ellipsoid could be angulated around this center by angles
a, f and y. The ellipsoid radii, center coordinates and angulations provided nine degrees of
freedom to the fitting algorithm.

The fitting algorithm consisted of three phases, being the generation of an initial guess,
the determination of the center coordinates and the determination of the radii and angula-
tion. To ensure that the fitting algorithm was not biased or dependent on the coordinate
transformations, a geometric fit rather than an algebraic fit was performed.?” A detailed de-
scription of the complete fitting algorithm can be found in the supplementary methods. The
correspondence between each fitted ellipsoid and the retinal contour points was defined as
the mean of the absolute shortest 3D-distances between the retinal contour points and the

ellipsoid.

Reproducibility

To assess the reproducibility of the 3D retinal shape determination, four subjects were exam-
ined twice in two subsequent MRI sessions. The reproducibility was evaluated per subject
by comparing the parameters of the 3D fitted ellipsoids.

Comparison between 3D and 2D fitting methods

To evaluate the agreement between 3D and 2D retinal shape fitting, 2D ellipse fits were
performed on transversal and sagittal slices of the retinal contour and combined into a 3D
ellipsoid. Three different methods to define the 2D ellipse center were evaluated. In the first
method, the ellipse center was one of the fitting parameters, similar to the 3D ellipsoid fitting
method. In the second method, the ellipse center was fixed to the vitreous body center. In
the third method, the ellipse center was fixed at half the laser interferometry measured
axial length from the posterior pole and centered on the visual axis. A complete overview
of the 2D fitting procedures can be found in the supplementary methods. The 2D-derived
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ellipsoids were compared to the 3D fitted ellipsoid in terms of ellipsoidal parameters and in
terms of the mean of the absolute shortest 3D distances to the MRI-based retinal contour.

Considered retinal contour fraction

The dependency of the fitted retinal shape parameters on the evaluated fraction of the reti-
nal contour was assessed by subdividing the contour using on the angle with the vitreous
body center, and subsequently fitting 41 different fractions of the contour, ranging from the
central 60 degrees to a maximum of 300 degrees in steps of 6 degrees (Figure 6.2). Based on
this analysis, the stability of the retinal shape parameters as function of retinal fraction as
well as the optimal fractions to describe the central or peripheral retina were determined.
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Figure 6.2: Quantification of the retinal shape for multiple fractions of the retinal contour. A) The
reported angles for specific retinal contour fractions are calculated with respect to the vitreous body
center. B) Example of a 2D fit for the central and peripheral retina.
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6.3 Results

The 31 included subjects had a mean age of 31.1 + 16.2 years (mean * standard deviation)
and a mean spherical equivalent of -1.9 + 2.1 Diopter. 21 subjects (68%) were female. The
laser interferometry measurements showed a mean internal anterior chamber depth of 3.1 +
0.3 mm and a mean axial length of 24.0 + 1.2 mm. The MRI scans were successfully acquired
for all subjects, and segmentation succeeded automatically for most subjects. Due to locally
lower image contrast caused by movement artefacts, the initial guess of the retinal contour
had to be manually adjusted prior to the automatic segmentation for two subjects, and the
initial guess of the lens contour for one subject.

Eye orientation

The three evaluated methods to correct for gazing differences between subjects required a
mean rotation of 17.3 + 8.6 degrees. These three evaluated methods resulted in very similar
contours, with a mean distance between contours of 0.03 + 0.03 mm (5th percentile: 0.00
mm, 95 percentile: 0.07 mm). Additionally, the amount of cyclotorsion induced by the
gazing correction was similar with a mean difference of 1.6 + 1.9 degrees. As these contour
differences are within one tenth of the acquisition voxel size, and therefor below the accu-
racy of the MR-data, all subsequent assessments were performed with the Euler method,
which was spatially located in between the other two methods.

Agreement between MRI and laser interferometry

The distance between the center of lens and the retina differed significantly between MRI
and laser interferometry (paired-samples t-test: p<0.01). The distance measured with MRI
was generally shorter than the distance measured with laser interferometry, with a mean
difference of 0.10 mm and Bland-Altman limits of agreement of -0.18 and 0.39 mm (Fig-
ure 6.1C).

3D fitting

The 3D fitting succeeded automatically for all eyes and all fractions of the retinal contour.
Overall, an increase in evaluated fraction resulted in a larger mean distance between the
3D ellipsoid and the retinal contour (Figure 6.3). For the central retina, the fitted ellipsoid
parameters showed a high variation between different evaluated fractions. However, when
more than the central 120 degrees of the retinal contour was evaluated, the parameters
remained relatively stable, with the most stable description being achieved between 220 and
280 degrees (Figure 6.3). For fractions larger than 280 degrees, the ciliary body was often
included in the fit and the mean distance between the fitted ellipsoid and the measured
retinal contour was relatively large (Figure 6.3).

The ellipsoid radii and center coordinates differed between evaluated retinal fractions, while
the rotations remained relatively constant. (Supplementary Figure 6.2). For « and f5, 96% of
all fitted rotations were below 15 degrees, with a mean of -0.2 + 5.4 degrees. Additionally,
54% of all fitted ellipsoids had less than 0.5 mm difference between the horizontal and vertical
radius. For these symmetric ellipsoids, virtually all possible angles were observed for y. For
asymmetric ellipsoids, however, 69% of all observed y’s showed a mean exorotation of 7.1 +
21.3 degrees. More details about these rotations can be found in the supplementary data.
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Overall, two different sets of ellipsoids describing the retinal shape were distinguishable for
each subject. The first set describing the central retina, ranging from 60 to 120 degrees of the
retinal contour, and the second set describing the complete retina including the peripheral
parts, ranging from 220 to 280 degrees of the retinal contour. For numerical comparisons,
the results for 60 degrees were used as representation of the central retina and the results for
240 degrees as representation of the peripheral retina. The primary difference between these
central and peripheral results was a mean shift of the ellipsoid center of 1.8 mm posteriorly
when the peripheral retina was included. This shift directly affected the other ellipsoid
parameters, especially the radii.

For the central retina, the mean distance between the 3D fitted ellipsoid and the considered
retinal contour was 0.03 + 0.01 mm. The corresponding mean ellipsoid radii were 12.9 +
0.9 mm for Ry, 13.7 = 1.5 mm for R,, and 12.2 + 1.2 mm for R.. The ellipsoid center was
generally located within 0.7 mm of the central axis in the horizontal and vertical direction,
with a mean axial position of 6.2 + 1.3 mm posterior of the center of the lens. (Figure 6.3
and 6.4; Supplementary Table 6.1).

For the peripheral retina, the mean absolute distance with the retinal contour increased
to 0.13 = 0.03 mm. The mean axial center of the ellipsoid, C., was located 8.0 = 0.5 mm
posterior of the center of the lens. Additionally, a decrease of the ellipsoid radii to 11.9 + 0.6
mm for Ry, 11.6 + 0.4 mm for R,, and 10.4 = 0.7 mm for R, was observed. (Figure 6.3 and 6.4,
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Figure 6.3: 3D ellipsoid fitting results as function of the considered retinal contour fraction A) The
radii of the 3D ellipsoids. B) The center coordinates of the 3D ellipsoids. C) The mean distance between
the resulting ellipsoid and the evaluated retinal contour.
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Supplementary Table 6.1). The absolute mean difference between Rj, and R, was 0.5 £ 0.4,
and the decrease in R, was directly correlated with the change in C, (r?: 0.98, p<0.01). In 13
subjects (42%) the difference between Ry, and R, was larger than 0.5 mm. On the individual
level, the radii of the fitted ellipsoids decreased in size in the majority (91%) of the subjects
between the central and peripheral retina, with only two subjects (6%) showing an increase
in all three radii and one subject (3%) showing an increase of only Ry, (Figure 6.4).

Reproducibility

The reproducibility analysis showed a mean difference of 0.12 + 0.13 mm between the de-
termined retinal contours. The reproducibility of the subsequently fitted ellipsoids was de-
pendent on the evaluated fraction of the retinal contour, with a higher reproducibility for
larger evaluated fractions. For smaller fractions, up to the central 180 degrees, the mean
difference between the ellipsoid radii was 0.3 + 1.2 mm, with a maximal difference of 5.9
mm (Supplementary Figure 6.3). For larger fractions, this mean difference was 0.0 + 0.1
mm, with a maximal difference of 0.5 mm (Supplementary Figure 6.3).
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Figure 6.4: Differences in 3D ellipsoid parameters between the central and peripheral retina. Left: The
ellipsoid radii along the horizontal (blue), vertical (orange) and central (green) axis showing a decrease
in all three radii for an increase in evaluated retinal contour for the majority of the subjects. Right:
Location of the ellipsoid center along the central axis, where a lower center-coordinate corresponds
to a more posterior location in the eye. The center-coordinates shift posteriorly for an increase in
evaluated retinal contour for the majority of the subjects.
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Comparison between 3D and 2D fitting methods

Irrespective of the used 2D fitting method, the 3D fitting method resulted in smaller mean
distances between the fit and the retinal contour (Figure 6.5). The mean difference in cen-
trally determined ellipsoid radii between 3D and 2D fitting methods was 2.9 + 0.9 mm when
using the free center 2D fit, 1.7 + 1.0 mm when using the vitreous body fixed 2D fit and 0.2
+ 0.9 mm when using the axial length fixed 2D fit (Supplementary Figure 6.4), where a posi-
tive difference indicates that the measured radius is larger in 3D than 2D. These differences
in ellipsoid radii changed to respectively 0.1 + 0.1 mm, 0.2 + 0.3 mm and 0.5 + 1.0 mm for
when the peripheral retina was included (Figure 6.5C).
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Figure 6.5: Comparison between 2D-derived and 3D ellipsoids fitted to the peripheral retina. Three
different two 2D fitting methods are shown, one with a free center (blue), one with a vitreous body
fixed center (red) and one with an axial length fixed center (green). A) Examples of the 2D fitted ellipses
for a representative subject. B) Mean distance to the original 3D contour of the ellipsoid model based
on the 3D and 2D fits. The 3D fits consistently provided a more accurate description. C) differences
between the 3D and 2D determined ellipsoid radii of the ellipsoids as function of the 3D radii.
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6.4 Discussion

In this study, we successfully combined high-resolution MRI scans with an automated seg-
mentation and 3D ellipsoid fitting to describe the shape of 31 eyes. Additionally, the depen-
dency of the resulting parametrization on the included retinal contour and its reproducibility
were evaluated. Finally, a 3D ellipsoid description based on 2D imaging data was compared
with the 3D results.

The used MRI acquisition methods resulted in high-resolution 3D MR-images of the eye that
provided a base for accurate segmentation of the eye. With mean differences of only 0.1 mm,
the segmented contours showed to be in line with laser interferometry results for the central
retina. Although different methods can be used to correct these contours for differences
in gazing direction during MR-imaging by aligning them to the same axis, these methods
resulted in almost identical data with negligible mean differences of 0.03 mm. Furthermore,
the reproducibility of the 3D segmented retinal contours was high, with a mean difference
of 0.12 mm. Although these results were obtained using a high-resolution 7 Tesla MRI and
a custom-made eye coil, it has recently been shown that images with a similar resolution
and quality can be obtained using clinical 3 Tesla MRI-scanners and commercially available
eye-coils,'®28 enabling clinical application of these methods.

The obtained MRI-derived retinal contours could be accurately described by ellipsoids, with
mean differences of 0.03 mm for the central and 0.13 mm for the peripheral retina. Op-
tically, these differences correspond to refractive differences of approximately 0.1 and 0.3
Diopter, which is sufficient to study for example the effect of peripheral vision on the pro-
gression of myopia in children.9 However, the parameters for the central retina, such as
the horizontal radius, showed a high within-subject variability for small changes in evalu-
ated retinal fraction, even though the resulting ellipsoids accurately describe the measured
contour,. For these evaluations, a 1.6 mm decrease in the central radius R, can for example
be compensated by 1.5 mm posterior shift of the ellipsoid center (Figure 6.3). The result-
ing ellipsoids, however, differ less than 0.1 mm over the central 60 degrees, explaining the
lower reproducibility and strong variation of the individual ellipsoid parameters for differ-
ent included retinal fractions (Supplementary Figure 6.3). A similar variation was observed
when the central retina would be described in terms of vertex radius of curvature and as-
phericity (Supplementary Figure 6.5).”-11¢ When the shape of the central retina is however
obtained using 3D fitting with the center of the ellipsoid fixed to the central axis at half the
axial length, stable and reproducible ellipsoidal parameters are obtained without a signif-
icant increase in fitting residuals (Supplementary Figures 6.6 and 6.7). This indicates that
such a reduction in degrees of freedom is required for meaningful comparison of the central
retinal shape between subjects.

For the peripheral retina, a reproducible and stable ellipsoid description was found between
220 and 280 degrees of the retinal contour. At these fractions, the horizontal and vertical
ellipsoid center coordinates as well as the corresponding rotations remain close to zero.
As a result, these parameters could be fixed in future studies, resulting in a faster fitting
procedure. In 42% of the subjects, the horizontal and vertical radii differed more than 0.5
mm. This asymmetry could be relevant for ocular proton therapy planning, which currently
uses a geometric eye model in which the eye is assumed to be rotational symmetrical.2’ For
such applications, an ellipsoid based on two orthogonal 2D images would already be an
improvement, but will still result in larger differences with the measured 3D contours than
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a full 3D fit. The resulting differences in ellipsoid radii are however small, generally <0.2
mm, when the ellipse center is fixed to the half the axial length when describing the central
retina, or when this ellipse center is included in the fitting or fixed to the center of the
vitreous body when describing the peripheral retina.

The results obtained within this study are in accordance with earlier MRI-based retinal shape
studies. For the central retina, the data of the emmetropic population of Pope et al. show
mean horizonal and central ellipsoid radii of approximately 12 and 11 mm, which are com-
parable to the results of this study. Additionally, their data shows a similar large variation
between subjects, for example 6 mm for the horizontal radius.”-'® For the peripheral retina,
Lim et al. present results for 240 degrees of the retinal contour and Pope et al. evaluated a
slightly larger part, 270 degrees of the retinal contour.!>1® Both studies report similar hor-
izontal and vertical radii, 11 to 12 mm and 10 to 11 mm, respectively. The radii reported
by Lim et al. are slightly smaller than the values reported by Pope et al. and the values re-
ported within this study. This could be explained by the difference in the MRI resolution, as
a lower resolution can result in an apparent inward shift of the retina due to partial volume
effects,30 resulting in smaller radii.

While the presented results are in line with earlier MR-based retinal shape research, they
differ from earlier studies using laser interferometry. The mean vertex radii of curvature
for the central retina determined using laser interferometry by Verkicharla et al. was about
2.0 mm larger than the currently presented vertex radius of curvature (Supplementary Fig-
ure 6.5).12 Even though this difference could be the result of the unstable central fit, it might
also result from the difference in used imaging methods or the limited amount of data points,
<20, available with laser interferometry. Due to its much larger amount of data points and
the availability of 3D assessments, MRI might be more reliable than laser interferometry to
quantify the retinal shape. Additionally, MRI is not influenced by refraction and is not lim-
ited to assessments of the central 80 degrees of the retina or less, making it a more favourable
method to measure the retinal shape.

Other methods to image the eye, such as Computed Tomography (CT) and B-scan ultra-
sonography, are also not affected by refraction and could therefore be considered as an
alternative to MRI, especially since they are generally faster to acquire. However, CT-scans
expose a subject to radiation and have a lower resolution than MRI, and B-scan ultrasonog-
raphy is generally limited to a 2D field of view and has a high inter-observer variability for
geometrical measurements.>1 733 As a result, both are less suitable than MRI to assess the
3D retinal shape.

It should be noted that the current results are based upon a relatively small group of vol-
unteers, and the presented parametric description of the retinal shape might therefore not
hold for the entire population. However, the same methodology could directly be used to
determine these metrics for a specific group of subjects. An additional concern could be
that the presented method might be unable to describe pathological retinal shapes, for ex-
ample upon the presence of a staphyloma or intraocular mass. Although different authors
have shown that the segmentation of the MR-Images can be adopted to include such ocular
pathologies,>*% these pathologies might result in a retinal shape that is not accurately de-
scribed by an ellipsoid.*® Depending on the application, an approximate ellipsoidal descrip-
tion might still be sufficient in such instances, but using alternatives such as the complete
3D retinal contour should be considered.
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In conclusion, this study provides a method to reproducibly determine and quantify the 3D
retinal shape from MR-imaging data. Two models are proposed, one which describes the
complete posterior segment of the eye and an additional one for only the more central retina.
Due to the high precision and reproducibility of this method, the resulting 3D shapes can
be used as input in other research, such as optical ray-tracing simulations or the analysis
of myopia progression. Furthermore, they can be utilized to improve the accuracy of the
retinal shapes used in eye model-based treatment planning, which can for instance improve
the proton therapy planning for eye tumours. With that, this study provides a complete base
for widespread implementation of the 3D retinal shape as a parameter in the evaluation of
the eye.
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6.6 Supplementary methods

6.6.1 Mathematical description of the eye rotations

As the gazing direction during the MRI-examination will differ between subjects, there will
be small rotational differences between the segmented eyes of these subjects. To allow for
comparisons between subjects, all segmentations were aligned towards the same coordi-
nate system. To this end, the segmentations were rotated around the center of the lens to
orient the central axis of the eye parallel to the z-axis. Three different rotation-methods,
a head-fixed rotation method, an eye-fixed rotation method and an Euler rotation method
were evaluated (Supplementary Figure 6.1). The mathematical description of these rotation-
methods is given below.

Head-fixed rotation Eye-fixed rotation Euler rotation
A A
; & L
2
>
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5 R L R L R L
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Supplementary Figure 6.1: Overview of the three methods used to align the MR-segmentations to
the same orientation in transversal and sagittal view. Left: the first (red) and second (yellow) rotation
performed using a head-fixed rotation method. Middle: the first (red) and second (yellow) rotation
performed using an eye-fixed rotation method. Right: the only (blue) rotation performed using an
Euler rotation method.
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Head-fixed rotation

The head-fixed rotation method is applied by performing two subsequent rotations, an initial
rotation around the feed-head (FH) axis and a second rotation around the left-right (LR)
axis. In our implementation, these axes are defined as the coordinate system of the MRI
scanner.

Let ;i be the unit vector pointing from the center of the lens to the center of the vitreous
body and g fin, the unit vector in the desired direction. The angle for the rotation around
the FH-axis, Ory, is defined by:

O = arccos(gpmj ) gfinal) (s6.1)

with gpro; the normalized projection of gjy; onto the AP-LR-plane. The intermediate gaze
direction, g is defined by:

Zinter = R (OFm) Zinit (s6.2)

with Rpy the rotation matrix for a rotation around the FH-axis.

The angle for the subsequent rotation around LR-axis, 0; g, is calculated similarly:

OLr = arccos(éinter,proj ) gfinal) (s6.3)

with Zinter, proj the normalized projection of §,; onto the AP-FH-plane.

With R , the rotation matrix for a rotation around the LR-axis , the full transformation
can be defined by:

Rhead = Rrr(Orm) Rr(01R) (s6.4)

Eye-fixed rotation

The second method to align data is similar to the head-fixed method, but the axes of rotation
are defined with respect to the eye instead of the head. As a result, the axis of rotation
for the second rotation depends on the first rotation. To this end an eye-fixed coordinate
system is constructed in which the rotations are calculated in this coordinate system, using
a transformation-matrix to express all the vectors in the eye-fixed coordinate system.

Let g, be the unit vector pointing from the center of the lens to the center of the vitreous
body, § fina the unit vector in the desired direction and ury the unit vector in FH-direction,
all in the original, head-fixed, coordinate system. The basis-set for the eye-fixed coordinate
system, ill, fzz, f13 is defined as:

il1 = init (s6.5)
hemp = tipg — (Upp - init)init (s6.6)
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. h
hy = P (s6.7)
[
;l3 = ]tll X ﬁlz (568)
and with
-1
T
1
T= fzg (s6.9)
T
3

as the coordinate transformation matrix from the MRI basis-set to the eye basis-set.

Subsequently, the desired gazing direction is expressed in the eye coordinate system, g f’in o=
T§ finai» and the rotation matrix R;), within this system is calculated in the same manner as
with head-fixed coordinate system, using izz and i13 as the two axes of rotation and gjzm 4l 38
target. The final rotation matrix in the MRI coordinate system, Reye, can be obtained by:

Reve = T'R.,T (s6.10)

eye eye

Euler rotation

Euler’s method uses a single rotation to align the segmented eye-data. Let g;,; be the unit
vector pointing from the center of the lens to the center of the vitreous body and § fj,q the
unit vector in the desired direction. Euler’s rotation theorem defines the needed rotation
around the vector 7, of angle 6, as:

N N Tx
R (gim't x gfinal)
fe=r—————=|n, (s6.11)
Hginit X gfinalH
z
O = arccos(ﬁimt 'gfinal) (s6.12)
which can be expressed as the matrix Rge,:
gfinal = Reuter §init (s6.13)
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(1) 748

Reyier =

1+(1—cosf,)rZ—1)
1y sin @, + (1 — cos G )ryry,

=1y sin 6, + (1 — cos O, )ryr,

—1, sinf, + (1 — cos O, )ryr,
1+ (1—cos 96)(r§ -1)

Iy sing, + (1 — cos . )ryr,

rysinf, + (1 — cos O, )ryr,
—ry sin 6, + (1 — cos G)ryr,

14+(1—cosf)r?—-1)

(s6.14)
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6.6.2 3D fitting algorithm
The fitted 3D ellipsoid was defined as:

=1 (s6.15)

were x’, ¥’ and z’ are the three principal axes, referred to as the horizontal, vertical and
central axis within the main manuscript, and R,-, Ry, and R, are the radii of the ellipsoid
along these. These radii, together with the center coordinates of the ellipsoid, Cxl’yz’zf, and
the angulations of'its principal axes, «, f and y provide nine degrees of freedom to the fitting
algorithm.

The fitting algorithm consists of three phases, being the generation of an initial guess, the
determination of the center coordinates Cy- )/ .-, and the determination of the radii R/, R,
and R, and angulations «, f and y. In each phase, the optimal parameters were deter-
mined by minimizing the error between the ellipsoid and the contour points using SLSQP-
minimization.?” To this end, the fitting algorithm follows the same protocol, sometimes with
minor deviations, as listed below:

1. The selected retinal contour points are translated by —[Cx/, Cy/, Cz,] , making the cen-
ter of the ellipsoid the origin of the coordinate system.

2. The retinal contour points are rotated around the center of the ellipsoid by angles a,
P andy.

3. As the ellipsoid is symmetrical in the principal axes coordinate system, all contour
points are mapped to the first quadrant, x” — |x’|, y” — |y’|, and 2" — ||.

4. The shortest distance between each contour point and the ellipsoid defined by Equa-
tion s6.15 is calculated. As there is no algebraic expression to calculate the distance
between a point and a 3D ellipsoid, an iterative minimization is performed using the
quasi-Newton BFGS method.* This algorithm finds the location on the ellipsoid, de-
fined by the angles 6 and ¢, that has the shortest distance, d, to the contour point:

d? = (R cos@sing — x")* + (R sinf cos ¢ — y')? + (R, cosp — z")? (s6.16)

The sum of all squared distances is returned to the fitting algorithm as a measure of
the goodness of the fit.

In the first fitting phase, an initial estimate of the center of the ellipsoid and its radii is made,
which is used as an initial guess for the following steps. As such an initial guess does not
need the highest accuracy, step 4 of the fitting protocol was adjusted such that § and ¢ are not
iteratively determined, but defined by 6 = tan"!(y’/x’) and ¢ = cos_l(z’/qlx’ +y + z’).
This approximation has a bias towards a more spherical ellipsoid and is therefore not suitable
for the final assessment of the retinal shape, but is multiple orders of magnitude faster than
the unbiased iterative distance determination and therefore suitable for providing an initial
guess.

In the second fitting phase, the center of the ellipsoid is determined. This center is deter-
mined separately from the other parameters as the angulations of the ellipsoid are closely
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related to its radii and center coordinates, especially if only a relatively small portion of the
retina is used as an input. In this intermediate phase, the fitting is performed with the an-
gulations fixed to 0 degrees. This phase is further accelerated by using an adapted ellipsoid
description with a single parameter for the horizontal and vertical ellipsoid radii:

x/2 + ’2 ,2
rey oz (s6.17)
Rx/y/ RZ/

In the final fitting phase, the radii and angulations are determined while the center is fixed
to the coordinates calculated in the second fitting phase. The duration of the fitting process
depends on the size of the evaluated retinal fraction, with a duration of half a minute or less
for the central retina and three to four minutes for the more peripheral retina.

6.6.3 2D fitting algorithm
For the 2D-fits, Equation s6.15 was adjusted to define an ellipse instead of ellipsoid:

+2-=1 (s6.18)

were R, and R, are the radii of the ellipse along the principal axes x” and z’ of the used
slice. As such, principal axis x” is oriented in the left-right direction for the transversal slices
and in the feet-head direction for sagittal slices. Furthermore, the described fitting protocol
was adjusted in all four steps to ignore the 2"d dimension. To that end, parameters C(y’), p
and y’ of steps 1, 2 and 3 were disregarded, and Equation $6.16 was redefined as:

d?> = (R, cos@ — x")> + (R, sinf — z)? (s6.19)
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6.7 Supplementary data

Supplementary Table 6.1: 3D ellipsoid fitting results for the central and peripheral retina. All data
is presented as mean * standard deviation.

Central retina Peripheral retina

Distance

Ellipsoid - retina (mm) 0.03 + 0.01 0.13 + 0.03
Radii

R, (mm) 129 + 0.9 119 + 0.6

R, (mm) 137 + 15 116 = 04

R, (mm) 122 £ 12 104 + 07
Center coordinates’

G, (mm) 02 + 03 00 £ 0.1

C, (mm) -0.1 = 05 0.0 = 0.1

C, (mm) 62 + 13 -80 + 0.5
Rotations*

a (degrees) -0.5 = 2.0 34 £ 7.7

B (degrees) 0.6 = 3.9 -52 £ 6.2

y (degrees) -5.2 +26.5 -55 +26.3

T The center coordinates are given with respect to the crystalline lens center. A positive coordinate indicates a
temporal, superior or anterior position.

¥ Rotations are defined as rotations around the ellipsoid center. A positive rotation indicates a downward, out-
ward or endorotation of the ellipsoid.

— Horizontal —— Vertical —— Central =—— Mean &95% ClI == Typical example
—~ 75 a ] B ] Y
g 50 ] 1
§5 251 ; 1 i
< % 0 A ————mm= ] e — = TR ] M
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gy S L L T T T T T LI
0 12 240 360 0 12 240 360 0 12 240 360
Considered retinal Considered retinal Considered retinal
fraction (degrees) fraction (degrees) fraction (degrees)

Supplementary Figure 6.2: 3D ellipsoid rotations around the principal axes. The results are dis-
played as function of the considered retinal contour fraction. For the rotations around the horizontal
and vertical axis, the average and 95% CI remain close to 0 for every considered retinal fraction. The
large variation for a rotation around the central axis is likely attributed to eyes with similar horizontal
and vertical radii, making the fitted ellipsoid invariant to rotations around the central axis (Figure 6.4).

143




Chapter 6

Center
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Rotation
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Supplementary Figure 6.3: Reproducibility analysis for the 3D ellipsoid fitting. A) Reproducibility
of the ellipsoid parameters. Data of the baseline scan is depicted using continuous lines and data
for the follow-up scans using dashed lines, both as a function of considered retinal contour fraction.
Each column represents the analysis of one subject. Larger differences can be seen for smaller retinal
fractions. B) Mean distance between both ellipses within the considered retinal fraction. The average
distance remains relatively similar between smaller and larger retinal fractions, indicating that the
changes in ellipsoid parameters between baseline and follow-up compensate each other and result in
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a similar ellipsoid shape within the evaluated fraction.
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Supplementary Figure 6.4: Comparison between 2D-derived and 3D ellipsoids fitted to the central
retina. Three different two 2D fitting methods are shown, one with a free center (blue), one with a
vitreous body fixed center (red) and one with an axial length fixed center (green). A) Mean distance
to the original 3D contour of the ellipsoid model based on the 3D and 2D fits. The 3D fits consistently
provided a more accurate description. B) differences between the 3D and 2D determined ellipsoid radii
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of the ellipsoids as function of the 3D radii.

Supplementary Figure 6.5: 3D ellipsoid fitting results presented as vertex radius of curvature and as-
phericity as function of the retinal contour fraction. All results are given as function of the considered
retinal contour fraction. The presented data are the average of the data calculated in the horizontal
and vertical direction. For the typical subject, the magnitude of both parameters as determined over
60 (blue) and 90 (green) degrees of the retinal contour is annotated. The 1.3 mm decrease in vertex ra-
dius of curvature is accompanied by a 0.07 increase in asphericity, indicating that the smaller radius is
compensated by a more oblate shape and highlighting the interdependence between both parameters.
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Supplementary Figure 6.6: 3D ellipsoid fitting results for the central retina with the ellipsoid center
fixed to half the axial length as function of the considered retinal contour fraction. A) The radii of the
3D ellipsoids. B) The rotations of the 3D ellipsoids. C) The center coordinates of the 3D ellipsoids,
which are invariant as they are fixed. D) The mean distance between the resulting ellipsoid and the
evaluated retinal contour.
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Supplementary Figure 6.7: Reproducibility analysis for the 3D ellipsoid fitting of the central retina
with the ellipsoid center fixed to half the axial length during the fitting. A) Reproducibility of the
ellipsoid parameters. Data of the baseline scan is depicted using continuous lines and data for the
follow-up scans using dashed lines, both as a function of considered retinal contour fraction. Each
column represents the analysis of one subject. B) Mean distance between both ellipses within the
considered retinal fraction. The average distance remains relatively similar between smaller and larger
retinal fractions, indicating that the ellipsoids determined using the baseline and the follow-up scans
are similar.
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Chapter 7

Abstract

Purpose: To assess whether intraocular lens (IOL) implantation induces shifts in the pe-
ripheral visual field.

Setting: Department of Ophthalmology, Leiden University Medical Center, Leiden, the
Netherlands.

Design: Ray tracing study.

Methods: Non-sequential ray tracing simulations were performed with phakic and pseu-
dophakic versions of the same eye model to assess potential shifts in the visual field after IOL
implantation. Two different IOL designs were evaluated and for each design 5 different ax-
ial positions and 7 different intrinsic powers were tested. The relation between the physical
position of the light source and the location were the retina was illuminated was determined
for each eye model. Subsequently, these relations were used to calculate whether the visual
field shifts in pseudophakic eyes.

Results: The pseudophakic visual field shift was below 1 degree for central vision in all
evaluated models. For peripheral vision, the light rays in the pseudophakic eyes were re-
fracted to a more central retinal location compared to phakic eyes, resulting in a central
shift of the peripheral visual field. The magnitude of the shift depended on the IOL design
and its axial position, but could be as high as 5.4 degrees towards central vision.

Conclusion: IOL implantation tends to have little effect on the central visual field but can
induce an over 5 degrees shift in the peripheral visual field. Such a shift can affect the
perception of peripheral visual complaints.
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7.1 Introduction

Ray tracing, a simulation method to study the path of light through the eye, is increasingly
used to evaluate factors that affect the quality of vision. In pseudophakia, for example,
it provides a method to assess how light rays are refracted or reflected by an intraocular
lens (IOL), which revealed the origin of glare symptoms in positive dysphotopsia.! Another
application of ray tracing is the evaluation of the peripheral vision, as clinical techniques
to quantitatively assess this part of vision are limited. In negative dysphotopsia (ND), for
example, ray tracing was used to develop the hypothesis that the bothering shadow that
patients experience in the temporal visual could be caused by light rays passing between
the IOL and iris.?® Later studies confirmed this hypothesis,*~® and ray tracing subsequently
contributed to the development of various treatments of this condition.”®

As with any simulation technique, special care needs to be taken that to assure that the
outcomes of the calculations resemble the real-life quantity one is interested in. Therefore,
different methods have been proposed to relate ray tracing outcomes to clinical metrics,
such as wavefront aberrations,” modulation transfer functions (MTF),!° and retinal illumi-
nation intensities.? Furthermore, different geometrical eye models have been developed to
reproduce the optical characteristics of the general population,”!! while others have incor-
porated distinct anatomical features of eyes with specific conditions, such as ND.*’ In ray
tracing simulations related to peripheral vision, however, one also needs to consider which
segment of the retinal surface is used to see a specific part of the visual field. For this pur-
pose, Simpson et al. determined the relation between the position of a light source, relative
to the optical axis of their eye model, and the part of the retina which was illuminated.?
However, as in vivo the optical elements of the eye are not aligned along one axis,!? van
Vught et al. extended this approach by using the visual axis as a reference, thereby aiming
to provide a more direct link to clinical measurements.® Although these approaches aid the
correlation of ray training analyses with measurements that use a fixation target as refer-
ence, such as peripheral aberrometry®!314 and perimetry,'>¢ it does not necessarily reflect
the spatial perception of a subject.

To closer match this spatial perception in ray tracing simulations, it is important to consider
how the visual field is projected on the retina. For a phakic eye, it is known that the relation
between the position of an object in visual field and the retinal image of that object is ap-
proximately linear for central visual field and non-linear for the peripheral visual field.!”-18
Since an IOL refracts light rays differently than the approximately four times thicker crys-
talline lens,'? this relation might change when the crystalline lens is exchanged for an IOL.
In turn, this change can potentially induce a shift in the peripheral visual field, which could
affect how peripheral visual phenomena, such as negative dysphotopsia, are experienced by
patients. Therefore, this study aims to evaluate whether IOL implantation induces shifts in
the peripheral visual field.
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7.2 Methods

The effect of IOL implantation on the peripheral visual field was assessed using ray tracing
simulations with phakic and pseudophakic versions of the Escudero-Sanz eye model.!! All
simulations were performed in OpticStudio (version 20.3.2, Zemax LCC) through the ZOSPy
package (version 0.6.1).%%° A wavelength of 543 nm and corresponding refractive indices
were used.!!

Two different IOL designs were used for the pseudophakic eye model. These IOL designs
included a simple biconvex IOL and a biconvex IOL with a conical flange on the anterior
surface that approximately matches the geometry of the ZCB00 IOL (Johnson & Johnson
Vision), hereafter named respectively the biconvex IOL and the clinical IOL. Both IOLs had
a refractive index of 1.47 and a power of 20 Diopter (D).>?! The IOLs were positioned 4.51
mm posteriorly from the corneal endothelium (internal ACD) to create a distance of 1.46 mm
between the anterior iris surface and anterior IOL, as reported in literature.?? The position
of the iris was not adjusted between the phakic and pseudophakic eye models. The radius
of curvature and conic constant of the posterior surface of both IOLs were chosen such that
the defocus of the total eye with a 3.0 mm pupil diameter was equal to the phakic model.

Two additional sets of pseudophakic eye models were created to evaluate the potential im-
pact of a different IOL location or power. In the first set, the ACD was adjusted by £0.31 mm
(+1 SD) and +0.62 mm (2 SD) while maintaining the same IOL geometry.?? In the second
set, additional defocus of +1 D, #2 D and +3 D was induced in the eye model by altering the
IOL power through modifications of the posterior IOL surface.

For each eye model, the relation between the position of a source object in the visual field
and the corresponding retinal location was assessed using non-sequential ray tracing and
a 6.0 mm pupil diameter. The position of the object in the visual field, hereafter called the
visual field angle, was defined as the angle between the object, the center of the pupil and the
optical axis through that center, omitting the influence of refraction induced by the cornea
(Figure 7.1). The objects were positioned from central vision (visual field angle of 0 degrees)
to peripheral vision (maximum visual field angle of 100 degrees) with steps of 1 degree. Each
object emitted one ray of light aimed at the pupil center. For each ray the location where
it illuminated the retina was determined, which was expressed as the angle with respect to
the center of the retina (Figure 7.1).°

The relation between visual field angle and illuminated retinal location in the phakic eye
model was used as a reference to determine exchanging the crystalline lens for an IOL would
induce a shift in the visual field. To that end, the illuminated retinal locations of the pseu-
dophakic eye were mapped onto the illuminated retinal locations of the phakic eye. Using
that mapping, the illuminated retinal locations of the pseudophakic eye models were pro-
jected back into the phakic visual field. Subsequently, the difference between that projection
and the actual source objects was calculated, providing the visual field shift (Figure 7.1B).
Within this manuscript, a negative visual field shift indicates a shift towards central vision
in pseudophakic eyes.
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Figure 7.1: Definition of the visual field angle, retinal location and visual field shift. A) Definition the
visual field angle, the angle between input ray, the optical axis, and the corresponding retinal location.
B) For the pseudophakic subjects, the visual field shift is defined as the shift in the visual field that is
required to illuminate the same retinal location in the phakic eye. This example shows both a positive
and a negative shift. A positive shift indicates that the pseudophakic visual field is shifted towards
peripheral vision and negative shift that it is shifted towards central vision. Note that the shift is
exaggerated for illustration purposes.
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7.3 Results

The relation between visual field angle and illuminated retinal location was similar in the
phakic and pseudophakic eye models for the central visual field, with absolute differences
below 1.0 degree for visual field angles up to 28 degrees (Figure 7.2). Over this range, the
relationship between the visual field angle and the retinal location was nearly linear (all
R? = 1.00), in which a 1.0-degree increase in visual field angle corresponded to a change in
retinal location of 1.4 degrees.

Further into the peripheral visual field, larger differences in retinal location were apparent
between the phakic and pseudophakic eye models. However, the results in the far periphery
of certain eye models were affected by two distinct effects, light being refracted by the
edge of the IOL and light missing the IOL. These effects only occurred in pseudophakic eye
models in which the IOL was positioned further away from the iris than in the average eye,
thereby creating a larger physical gap between the iris and the IOL. In the eye model with
the biconvex IOL positioned with an internal ACD of 5.12 mm (+2 SD) for example, light rays
originating from visual field angles between 74 and 79 degrees pass through the biconvex
IOL edge or even completely miss the IOL (Figure 7.3). This resulted in abrupt changes in
illuminated retinal location from 92 to 81 degrees and subsequently to 102 degrees.
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Figure 7.2: Visual field shift in pseudophakic eyes. A) Overlay of non-sequential ray tracing in pha-
kic and pseudophakic eye models, showing that rays originating from large visual field angles are
refracted relatively more towards the center of the retina by the clinical IOL (cyan rays) than by the
crystalline lens (red rays). B) Simulation results for the phakic eye and the pseudophakic eyes with the
IOL positioned such that it reflected to average position in the population. Top: The retinal location of
illumination as function of visual field angle for the crystalline lens, the biconvex IOL and the clinical
IOL. Bottom: the resulting visual field shift for both IOLs. A negative shift indicates a shift towards
central vision.
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For light rays passing through the posterior IOL surface, light originating from far peripheral
visual field angles was refracted to a relatively more central retinal location by the IOL
than by the crystalline lens in almost all pseudophakic eye models. The maximal shift in
retinal location between the phakic and pseudophakic eye models was -5.5 degrees, which
related to a -5.1 degrees shift of the visual field towards central vision. Some variation in the
maximal visual field shift was present between the pseudophakic eye models (Figure 7.4).
For the pseudophakic models with the IOL positioned such that it reflected the average
position in the population, the maximum shift was -3 degrees with the clinical IOL and
-1.5 degrees with the biconvex IOL (Figure 7.2B). Changing the axial location of the IOL
affected the magnitude of the visual field shift for both IOL designs, although to a different
extent. Overall, a more anteriorly located IOL resulted in a more peripheral visual field
shift, with a maximum observed shift of +4.7 degrees toward peripheral at a visual field
angle of 79 degrees (Figure 7.4A). Changing the axial location of the biconvex IOL towards
posterior had little additional effect on the visual field shift, with an additional shift of less
than 0.2 degrees. This change in axial location had a larger effect with the clinical IOL, with
a maximal observed visual field shift of -5.4 degrees at a visual field angle of 76 degrees
(Figure 7.4A). Changing the IOL power had a relatively small additional effect on the shift
of both the central and peripheral visual field (Figure 7.4B). Overall, changing the IOL power
to induce a defocus of up to +3 D shifted the visual field over a range of approximately 1.0
degrees with the biconvex IOL design and approximately 2.7 degrees with the clinical IOL
design.

Crystalline lens Biconvex IOL Clinical IOL

I t t : t 1 5.0 mm

Figure 7.3: Refraction of peripheral rays of light by the crystalline lens and the IOLs. The displayed
IOLs are axially positioned with an internal ACD of 5.12 mm (+2 SD). For the crystalline lens, all pe-
ripheral rays of light are refracted by the posterior lens surface. For the biconvex IOL, light originating
from far peripheral visual field angles is refracted by the IOL edge rather than by the posterior IOL
surface (orange arrow). The IOL edge refracts the light to a relatively more central retinal location.
Light originating from even higher angles is not refracted by the IOL (red arrow). For the clinical IOL,
the convex-concave anterior IOL surface generally results in a more continuous illumination of the
peripheral retina, but some light rays are not refracted as expected (green arrow).
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Figure 7.4: Effect of axial IOL position and IOL power on the visual field shift. A) Visual field shifts
with the IOL positioned at various internal anterior chamber depths (ACD) for the biconvex IOL (left)
and the clinical IOL (right). B) Visual field shifts with varying IOL power for the biconvex IOL (left)
and the clinical IOL (right). Data is shown based on the additional defocus induced in the eye model
by the new IOL power. A negative visual field shift corresponds to a shift towards central vision.
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7.4 Discussion

This study evaluated whether the implantation of an IOL induces a shift in the visual field.
The induced shifts were small for central vision up to visual field angles of approximately
30 degrees, with visual field shifts of 1 degree or less regardless of the axial position or
IOL power. Stronger effects were apparent for the more peripheral visual field, where IOLs
in specific configurations can induce an over 5 degrees shift in the visual field. The exact
magnitude of the shift depended mainly on the design and axial position of the IOL (Fig-
ure 7.4).

These visual field shifts, especially the shifts toward central vision, can potentially affect how
subjects experience peripheral optical phenomena. For example, perimetry measurements
showed that the shadow experienced by pseudophakic patients with negative dysphotopsia
might be measured between 70 and 75 degrees in the visual field using a kinetic perimeter.
The results of perimetry are quantified using the location of the light stimulus in the visual
field, which corresponds to the visual field angle used in this paper. The results of this
study show that this object space based annotation might not reflect the subject’s experience
as the light source could illuminate a more central or peripheral part of the retina than
anticipated. For example, negative dysphotopsia measured between 70 and 75 degrees®>
can be experienced by the patient between 65 and 70 degrees, making it more noticeable
and burdensome. In addition, at even higher visual field angles, a shift towards central
vision could result in peripheral visual phenomena shifting onto the functional retina, and
thereby becoming noticed by the subject. However, it is important to acknowledge that
neuroadaptation might over time (partly) compensate for these visual field shifts.

Since the magnitude and direction visual field shift showed to be dependent on the de-
sign and axial position of the IOL, the shift will differ between subjects. These differ-
ences might explain why only a subset of patients experience peripheral visual complaints,
and why treatments for these complaints, such as a piggyback IOL implantation or IOL-
exchange,!>%4726 are effective in some, but not all patients. This effectiveness will however
likely depend on the interplay between ocular anatomy and IOL design and therefore, the
current results cannot directly be applied to an individual patient and a specific IOL design.
Similarly, only one model of the crystalline lens was used although both its shape and re-
fractive index varies in the population.?”-?8 However, additional simulations with varying
lens shapes showed minimal, less than 0.5 degrees, changes in the results (Supplementary
Figure 7.1).

Nonetheless, it is noteworthy that the shift in retinal illumination in the pseudophakic eye
will directly affect the image size on the peripheral retina. The change from a slightly posi-
tive to a progressively more negative shift will result in a reduction of the image size. Such
changes can directly affect clinical imaging of the peripheral retina, which can in turn affect
treatments. For example, ultra-wide-field funduscopic images are used as an input in ocular
radiotherapy planning,?®3° and such distortions could therefore result in errors in tumor
definition.

As with any simulation study, some limitations should be considered when interpreting
the results. Firstly, only one specific eye model and two types of IOLs were evaluated.
It is however likely that the observed relation between visual field angle and location of
retinal illumination will depend on the subject’s biometry and corneal shape (Figure 7.2B).3!
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While there are inter-subject variations in those anatomical properties,3? these variations
likely have a relatively minor impact on the observed visual field shifts, as these shifts are
determined relative to the phakic state of the same eye. Furthermore, this study evaluated a
small subset of the possible variations in IOL designs and properties. Although some design
parameters, such as the posterior IOL shape, appeared to have little effect on the observed
shifts, increasing the diameter of the optic is expected to have a more significant impact
on far peripheral vision.®3 Similarly a more different IOL geometry, such as the recently
introduced meniscus shaped optic,3* will likely have larger effects. Frosting the IOL edge,
another common IOL property,3® would induce a random scatter of rays that pass through
the IOL edge resulting in a loss or relation to a specific retinal location.

Secondly, a rotationally symmetric model of the eye was used in these evaluations while
it is known that the eye has a certain amount of asymmetry.!® The use of a population
average shift of 5 degrees, related to the angle alpha, has been proposed,* but care has to
be taken when applying such a generic correction as the relevant ocular asymmetries can
differ between groups of subjects.® Furthermore, this correction would be based on the
assumption that angle alpha is unaffected by the cataract surgery. While such a correction
would change the visual field angle at which a certain visual field shift is experienced, the
magnitude of this shift will also be unaffected.

In conclusion, ray tracing showed that IOL implantation tends to induce little changes in
the central visual field but could induce a peripheral visual field shift of over 5 degrees shift
in the perceived peripheral eccentricities. These shifts should be taken into account when
evaluating the peripheral vision of pseudophakic subjects through ray tracing simulations,
as they can have a direct impact on the subject’s perception.
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100
LT (mm)
3 801 — 3.59
3 —— 4.00 (ref.)
s 60{ 7" 451
2 5.31
(8]
2 40 A
g
© 201 80
‘4
/”
1 .. 60 70
04 ; —
B
o= 17
28 |
=2 0+ ——————————————————— ——=r
S E
oE 1
> _q
T T T T T i T ) T
0 20 40 60 80

visual field angle (deg)

Supplementary Figure 7.1: Illuminated retinal location and visual field angle with different crys-
talline lens models. Three additional crystalline lens models have been analyzed using ray tracing.
These lenses had a center thickness of respectively 3.59, 4.51 and 5.31 mm,28 and were compared to
the results of the original crystalline lens with lens thickness of 4.00 mm. The anterior surface of the
additional lenses was solved such that the central refraction with a 3.0 mm pupil matched the central
refraction of the originally used phakic model. A) Illuminated retinal location as function of visual
field angle for all tested crystalline lenses, showing minimal differences. B) Visual field difference with
respect to the original crystalline lens, showing minimal differences of <0.5 degrees for every other
evaluated crystalline lens model. LT = lens thickness, deg. = degrees, ref. = reference.
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Chapter 8

Abstract

Purpose: To assess the effect of ocular anatomy and intraocular lens (IOL) design on neg-
ative dysphotopsia.

Setting: Department of Ophthalmology, Leiden University Medical Center, Leiden, the
Netherlands.

Design: Ray tracing study based on clinical data.

Methods: Ray tracing simulations were performed to assess the effect of anatomical dif-
ferences and differences in IOL design on the peripheral retinal illumination. To that end,
eye models that incorporate clinically measured anatomical differences between eyes of
patients with negative dysphotopsia (ND) and eyes of pseudophakic controls were created.
The anatomical differences included pupil size, pupil centration and iris tilt. The simulations
were performed with different IOL designs, including a simple biconvex IOL design and a
more complex clinical IOL design with a convex-concave anterior surface. Both IOL designs
were analyzed using a clear edge as well as a frosted edge. As ND is generally considered to
be caused by a discontinuity in peripheral retinal illumination, this illumination profile was
determined for each eye model and the severity of the discontinuity was compared between
eye models.

Results: The peripheral retinal illumination consistently showed a more severe disconti-
nuity in illumination with ND-specific anatomy. This difference was the least pronounced,
8%, with the frosted edge clinical IOL and the most pronounced, 18%, with the clear edge
biconvex IOL.

Conclusion: These results show that small differences in the ocular anatomy or IOL design
affect the peripheral retinal illumination. Therewith, they can increase the severity of ND
by up to 18%.
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8.1 Introduction

Negative dysphotopsia (ND) is a relatively common complaint after cataract surgery or re-
fractive lens exchange with intraocular lens (IOL) implantation, often described as a shadow
or missing area in the temporal peripheral visual field.!™ The incidence is reported to be up
to 19% when actively evaluated during clinical follow-up, but fortunately in most cases it re-
solves over time.*> However, complaints remain present in approximately 3% of the patients
with little chance on further improvement.® The severity of the remaining shadow differs
between patients, leaving some patients with mild visual field defects while others experi-
ence bothersome complaints that disturb their daily life.>® Clinical studies have identified
multiple factors that potentially contribute to ND, including a smaller pupil size,>¢8 a tilted
anterior chamber geometry,’ a larger overlap of the anterior capsule,>®%? an increased an-
gle kappa,” a non-inferotemporal orientation of the optic-haptic junction of the IOL,'° and
a smaller IOL diameter.!! While ND can occur with different types of in-the-bag implanted
IOLs, it has not been reported with anterior chamber IOLs or sulcus-fixated IOLs.8 One of
the major problems in the clinical evaluation of ND is the lack of methods to objectively
quantify this far-peripheral visual complaint. Thus far, only Goldmann perimetry has been
able to show the loss of peripheral vision in some, but not all, eyes.12

To overcome this lack of objective measurements and to obtain additional insight, multi-
ple ray tracing studies of ND have been performed. Within these studies, the path of light
through the eye is calculated. Based on these studies, it is proposed that ND is caused by
a gap in the illumination of the nasal retina, which is then experienced as a shadow in the
temporal visual field.>!3~1> These simulations showed that this gap is the result of a discon-
tinuity between light passing between the iris and IOL (the iris-IOL gap) and light refracted
by the IOL. Many factors that potentially affect this gap have been proposed through these
simulations, including a larger angle kappa,'® a smaller pupil diameter,!>1¢ the axial dis-
tance between the IOL and the iris,'® the refractive index, the diameter of the IOL and the
shape of the IOL.13:16:17

While these ray tracing simulations have provided valuable insights in potential causes of
ND, they used generic eye models that do not fully reflect the anatomy of eyes with ND.
Recently, we presented clinical data of a cohort of pseudophakic eyes with and without ND,
showing that eyes with ND have a smaller and more temporally decentered pupil as well
as a larger temporal tilt of the iris (Figure 8.1).” Furthermore, we showed that the anterior
chamber distance, the distance between the iris and the IOL, and the peripheral retinal shape
where comparable between both groups.”-'® Within this study, we aim to assess the optical
consequences of the anatomical differences observed in the ND population as well as the
effect of different IOL designs on the peripheral illumination, in particular related to the
temporal shadow that is perceived by ND patients.
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8.2 Methods

To accurately assess the relation between anatomical properties of the eye and the occur-
rence of ND, ray tracing simulations were performed using eye models that closely reflect
the actual ocular anatomy of eyes with and without ND. Based on the reported clinical dif-
ferences between eyes with and without ND,”!® two eye models were designed, one with
a typical anatomy for patients with ND and one with a typical anatomy for pseudophakic
controls (Figure 8.1). The anatomical aspects of these eye models were derived from clinical
measurements obtained from 37 patients with ND and 26 pseudophakic controls who par-
ticipated in the ESCRS vRESPOND study (CCMO-registry number: NL58358.058.16). Prior
to participation, all subjects provided written informed consent. The study was performed
in conformance with the tenets of the Declaration of Helsinki and was approved by the local
Medical Ethics Committee.

Model design

Simulations were performed in OpticStudio (version 20.3.2, Zemax LCC) using a highly mod-
ified version of the Escudero-Sanz eye model and a 543 nm light source (Figure 8.1).}° The
entire process of constructing eye models and performing the non-sequential ray tracing
simulations was fully automated through the OpticStudio API and Python (version 3.7) us-
ing the open source ZOSPy package.?? The resulting ND eye model and control eye model,
both with a biconvex IOL, are available in the supplementary information (Supplemental
Data available at https://github.com/MREYE-LUMC/ZOSPy/tree/main/examples).

To correspond to the clinical measurements and to reflect the subject’s perception, the eye
models were constructed relative to the visual axis, instead of to the more commonly used,
but clinically less relevant, optical axis. The anatomical properties of the eye that have
shown to be significantly different between patients with ND and pseudophakic controls,
including iris tilt, pupil centration and pupil diameter,” were adjusted in each model (Fig-
ure 8.1B). All other anatomical properties were based on either the average of both groups
combined or to the values reported by Escudero-Sanz et al. (Figure 8.1A).7:18:17

As the average corneal shape did not differ significantly between patients with ND and
pseudophakic controls,’ the corneal shape of the Escudero-Sanz eye model eye was used.'?
The anterior corneal surface was modeled as an ellipsoidal surface with a radius of 7.72 mm
and a conic constant of -0.26, while for its posterior surface a radius of 6.50 mm without conic
component was used.!® The central thickness of the cornea was 0.55 mm, and its refractive
index was modelled as 1.3777.1 The refractive indices of the anterior chamber and vitreous
body were defined as 1.3391 and 1.3377 respectively.'’

As the anterior chamber depth (ACD) and iris-IOL distance were found to be similar in pa-
tients with ND and pseudophakic controls,”!® a common distance of 3.12 mm between the
posterior corneal surface and the anterior iris surface was used for both groups. Further-
more, the iris thickness was 0.55 mm,! and the pupil edges were sloping inward towards the
center.?2 To match the clinically measured differences in iris orientation and pupil location
and size, the iris was tilted temporally by 6.5 degrees in the ND model and 4.0 degrees in
the control model. Furthermore, the pupil diameter was defined as 2.4 mm in the ND model
and 3.0 mm in the control model. Finally, the pupil center of the ND model was moved 0.17
mm temporally with respect to the visual axis, while the pupil center of the control model
was shifted 0.01 mm nasally.”
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Figure 8.2: Examples of the total retinal illumination profile. A) Example of a 3D eye model illuminated by a peripheral beam of light. B) Breakdown of the
total peripheral retinal illumination as function of the visual field (VF) angle for the ND model with a clinical IOL (red) and the control model with biconvex
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As ND has been reported to occur with a wide variety of posterior chamber IOL designs,”®
each eye model was analyzed with four different IOL designs (Figure 8.1C). The first de-
sign consisted of a simple biconvex IOL design, similar to those used in earlier ray tracing
studies.>!>16 In reality, however, IOLs often have a more complex design.?® Therefore, the
second design matched the convex-concave anterior surface and convex posterior surface
of the ZCB00 IOL (Johnson & Johnson vision),2* as obtained through uCT scanning (Supple-
mentary Figure 8.1). Clinically, the shape of the edge differs between IOLs,?>%¢ and some
IOLs have a frosted edge that is intended to scatter incident rays.?%?” Unfortunately, the
optical characteristics, including the edge shape and scattering properties, are not available
for most IOLs. As the uCT-images showed the edge of the clinical IOL to be straight, this
was used a reference to model the edges of both IOLs. Additionally, the ray tracing study
by Franchini et al. suggests the maximum scattering of a frosted IOL edge to be 17.5%.%8 To
assess the effect of a frosted edge, the edge of each IOL was thus modeled as both a 0% and
a 17.5% Lambertian scattering surface (Figure 8.1C). All IOLs had a refractive index of 1.47
and the distance between the posterior iris surface and the IOL was 0.57 mm for all IOLs.8
The IOLs were positioned parallel to the (tilted) iris and centered on the pupil center.!®

As the peripheral retinal shape did not significantly differ between patients with ND and
controls, a common ellipsoid model was used to describe the retina, with a horizontal and
vertical radius of 11.75 mm and a central radius of 10.55 mm (Figure 8.1A).132° The axial
length of both models was 23.81 mm, reflecting the average of the study population.'®

Peripheral retinal illumination

The peripheral retinal illumination was assessed using a 4.0 mm wide circular light source
that emitted 10° parallel rays of light. This source rotated from visual field angles of -10
degrees nasally to 120 degrees temporally in 0.25 degree steps. The retinal surface consisted
of detectors with a resolution of 0.1 degree horizontally by 0.1 mm vertically. The location
of each detector was expressed as its angle with respect to the visual axis and retinal center.
Similar to the study of Simpson,?? a separate set of simulations was performed to relate the
location of each detector to the visual field angle experienced by the subject (Supplementary
Figure 8.2). The illumination profiles of all visual field input angles were summed to obtain
the total retinal illumination profile (Figure 8.2). As pupil diameters differ between models,
all results were normalized to the total illumination perceived at 50 degrees temporally in
the visual field.

To determine which image features corresponded to rays passing through the iris-IOL gap
or through the IOL edge, separate simulations were performed in which these specific rays
were isolated from the other rays (Figure 8.2B).

Quantification

Three aspects of the peripheral retinal illumination were quantified (Figure 8.2C). First, the
start of the retinal illumination gap, defined as the visual field angle with a relative retinal
illumination below 0.2, was determined. Additionally, the maximum intensity of the rays
passing through the iris-IOL gap was determined, together with the corresponding visual
field angle. Finally, the severity of the retinal illumination gap, defined as the total reduction
in relative illumination compared to the maximum intensity of the rays passing through the
iris-IOL gap, was calculated.
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8.3 Results

All eye models were successfully simulated and analyzed. An example of a resulting eye
model is shown in Figure 8.2A. The central spherical equivalent of refraction of the eye
models ranged from -1.2 to +0.5 Diopter. All models showed an approximately equal relation
between retinal angle and perceived visual field angle. The same relation was therefore used
for all models, approximated by a second order polynomial:

111073
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ap —0.60ap + 0.17 degree 8.1
degree R R g 81)

ayF

with ayp being the apparent visual field angle and ap the retinal angle, both in degrees
(Supplementary Figure 8.2).

In all eye models, the simulations showed a similar gradually decreasing illumination to-
wards peripheral vision. At a visual field angle of 50 degrees, the angle used as a normali-
sation reference for subsequent evaluations, the control model received a 1.5 times higher
illumination than the ND model, reflecting the smaller pupil size in the ND population. The
reference illumination did not differ between the studied IOLs. A strong decrease in illumi-
nation was observed starting at approximately 80 degrees (Figure 8.3), which was partially
caused by rays passing through the IOL edge instead of through the posterior IOL surface,
and partially by vignetting of the iris. The profile of this decrease and the visual field angle at
which it occurred depended strongly on IOL design. An area of low illumination, the retinal
illimitation gap, was observed. This area was followed by a local increase in illumination
that was the result of rays passing through the iris-IOL gap. A complete overview of the
contribution of rays passing through specific intraocular structures is provided in Figure 8.4
and summarized in Figure 8.2B.

Differences in peripheral retinal illumination were clearly visible between IOL designs (Fig-
ure 8.3) and were predominantly induced by rays passing through the IOL edge (Figure 8.4).

A Biconvex IOL Clinical IOL B Clinical IOL
Clear edge Clear edge Frosted edge
< 1.0 1.0 < 1.0
0 .2 0.8 1 = ND 0.8 = ND 02 08 = ND
% < 0.6 == Control 0.6 == Control % © 0.6 == Control
© € 041 0.4 ° € 04
@ s 0.2+ 0.2 X s 02
= 00 07—~ 0.0 +——m7—F7F—77> = 00 t—m—
70 90 110 70 90 110 70 90 110
VF angle (°) VF angle (°) VF angle (°)

Figure 8.3: Peripheral retinal illumination. Normalized retinal illumination profiles for the ND model
(red) and the control model (black). A) Illumination with a clear edge design. Clear differences between
the biconvex and clinical IOL are visible, primarily caused an increase in illumination at a visual field
angle of approximately 90 degrees with the clinical IOL. This increase is attributed to rays passing
through the IOL edge (Figure 8.4) that partially fill the illumination gap. B) The illumination profile of
a clinical IOL with a frosted edge design shows slight differences in the maximum intensity around a
visual field angles of 90 degrees as the rays through the edge of the IOL are partially dispersed by the
frosted edge. Data for the biconvex IOL with a frosted edge showed similar profile compared to the
clear edge design and are shown in Figure 8.4. VF = visual field.
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For the biconvex IOL with a clear edge, the relative illumination decreased below 0.2 be-
tween visual field angles of 85 and 90 degrees (Table 8.1) and rays passing through the edge
induced a local increase in illumination at a visual field angle of approximately 75 degrees
(Figure 8.3). For the clinical IOL design, however, the relative illumination decreased be-
low 0.2 between 90 and 95 degrees (Table 8.1) and the local increase in illumination caused
by rays passing through the edge was observed at approximately 90 degrees. Additionally,
part of these rays illuminated the illumination gap, resulting in a lower depth of the shadow
(Figure 8.3). With a frosted IOL edge, the rays were dispersed over the peripheral retina for
both IOL designs. This dispersion had an insignificant effect on the peripheral illumination
profile of the biconvex IOL design and a small effect on the peripheral illumination profile
of the clinical IOL design, reducing the visual field angle at which the relative illumination
decreased below 0.2 by approximately 1 degree (Figure 8.3, Table 8.1).

The far peripheral illumination, caused by light passing through the iris-IOL gap, differed
between IOL designs. Overall, the visual field angle at which light started passing through
this gap was about 2 degrees lower in the control models. Additionally, approximately 1.9
times more light rays passed through the iris-IOL gap in simulations with the biconvex
IOL model than in simulations with the clinical IOL model. Furthermore, the number of
light rays passing through the iris-IOL gap was 2.4 times higher with the control models
compared to the ND models.

For all IOL designs, a more severe shadow was observed in the ND model. For the biconvex
IOL with a clear edge design, the severity was 18% higher in the ND model compared to the
control model. A similar increase in shadow severity was observed with the clinical IOL,
where the reduction in illumination was 15% stronger in the ND model. For the biconvex
IOL, the simulations with the frosted edge did not differ from those with a clear edge. For
the clinical IOL design, however, a frosted edge reduced the shadow severity from 15% to
8% (Figure 8.3B, Table 8.1).

Table 8.1: Quantification of the peripheral illumination gap. The apparent visual angle at which the
illumination decreases below 0.2 and the angle of maximum illumination through the iris-IOL gap are
given for all models. The shadow severity in ND is expressed as % difference with the corresponding
control model. The models with ND consistently showed a more severe shadow compared to their
equivalent control models. ND = negative dysphotopsia, Con = control.

Biconvex IOL  Clinical IOL Biconvex IOL Clinical IOL

Clear edge Clear edge Frosted edge Frosted edge
ND Con ND Con ND Con ND Con
Location of
illumination gap 89 86 95 91 89 86 94 90
(° visual field angle)
Location of maximal
illumination through 101 98 103 101 101 98 103 101
iris-IOL gap
(° visual field angle)
Shadow severity
(% difference 18 - 15 - 17 - 8 -

with control)
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Figure 8.4: The influence of specific sets of rays on the peripheral illumination profile. Data is shown
for the control (left page) and ND (right page), as well as for the biconvex IOL (left column) and
clinical IOL (right column), both with a clear edge design (black) and a frosted edge design (cyan). The
complete illumination, illumination by rays through the posterior IOL surface, illumination by rays
through the IOL edge and illumination by rays through the iris-IOL gap is shown. Local increases in
illumination can clearly be seen for rays passing through the IOL edge and rays passing through the
iris-IOL gap. VF = visual field.
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8.4 Discussion

Within this study, we demonstrated that ND-related anatomical differences can decrease
the peripheral retinal illumination. Additionally, we showed the effects of IOL design on
the retinal illumination profile. Combined, they can increase the severity of a shadow-like
area on the peripheral retina by an up to 18%. These results strengthen the common assump-
tion!31>16 that ND is related to an illumination gap of the peripheral retina, as proposed
by Holladay and Simpson.!31>16 Furthermore, we introduced several new improvements to
the conventional ray tracing methods which aim provide a more realistic assessment of the
optics in a specific patient population as well as a better relation between the results and
clinical measurements.

As the results from any simulation study depend strongly on the used model, clinically
measured anatomical differences in pupil diameter and iris tilt were incorporated in the eye
models. Although some studies have already assessed the effect of specific anatomical vari-
ations of a generic eye model,'>1¢ the clinical value of these studies was generally limited
as they did not incorporate the ocular anatomy that is specific for ND patients. Addition-
ally, more realistic IOL designs were included in the evaluations. However, even though the
clinical IOL design was based on pCT-data of the ZCB00 IOL, the exact design of the IOL
was not known. As the study showed a direct relation between IOL edge design and periph-
eral illumination profile, additional information on the edge curvature and type of frosting
could further improve the accuracy of the simulations.?>?® As the pCT-images (Supplemen-
tary Figure 8.1) do not show any curvature at the IOL edge, a curved edge such as used
for the Clareon CNAOTO IOL,?® is not expected. A different scattering profile could, how-
ever, strongly affect the peripheral retinal illumination, as shown by additional simulations
with a 100% Lambertian scattering edge (Supplementary Figure 8.3). Nonetheless, such high
scattering coefficients have not been reported for IOLs.?

In this study, the visual axis, instead of the more conventional optical axis, was used as
reference axis for the eye model. This allows for a better correlation between simulations,
patient’s vision and clinical measurements, as the latter two are determined relative to the
visual axis.!? To this end, the relation between retinal location and visual field angle was
determined. Although an extrapolated relation was used for visual field angles above 78
degrees, we do not expect this to affect the study results as the scaling proved to be the
same for the studied models.

Another difference with most earlier ray tracing studies is the use of non-sequential in-
stead of sequential ray tracing.!>!%%? In sequential ray tracing, rays of light are assumed to
pass through all defined surfaces sequentially. Although this assumption allows for many
powerful analyses, such as the determination of the ocular aberration profile,”-!*3%3! these
analyses are erroneous when light rays miss an optical element, which is one of the proposed
origins of ND. The use of non-sequential ray tracing can explain the differences between the
presented retinal illumination profiles and the profiles of earlier sequential studies,'® which
appear to miss the contribution of light rays passing through the edge of the IOL (Supple-
mentary Figure 8.2). However, ray aiming, an OpticStudio feature which assures that the
complete pupil is illuminated, is not available for non-sequential ray tracing. This limitation
was resolved by using a relatively large input beam diameter of 4.0 mm, which assures the
complete illumination of the pupil at high input angles.
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This study showed that the incorporation of relevant clinical differences in the eye model
have a direct effect on the peripheral vision, as it resulted in an up to 18% increase of the
peripheral illumination gap and other differences in the peripheral illumination. In the ND
eye model with a frosted edge clinical IOL design, for example, the peripheral illumination
profile shows a large area of low illumination, in contrast to the smaller area with a total
absence of illumination which was observed with the clear edge biconvex IOL used in earlier
studies.!®2% These differences might explain why some patients describe ND as completely
missing a part of the temporal visual field, while others describe it as a shade.'?

In the peripheral illumination of the pseudophakic control model, an area of decreased illu-
mination was also observed. Although it is less pronounced than in the corresponding ND
models, this finding was unexpected as these subjects did not report any ND-related com-
plaints. It was furthermore unexpected that the decrease in peripheral illumination was the
least pronounced with the frosted edge clinical IOL design, as the clinical IOL on which the
model was based is reported to cause ND in some patients.”?* However, the identified 8%
difference might still be sufficient to experience ND and more research on the relation with
the experienced shadow is required, especially since additional simulations with a higher
degree of scattering seem to further reduce severity of ND (Supplementary Figure 8.3, Sup-
plementary Table 8.1).

This unexpected observation might also show the necessity to fully personalize the ray trac-
ing models, so they can be directly related to the subjects’ visual perception. For central
vision, such simulations have been proposed.?? For the far peripheral vision, these simu-
lations are of higher complexity, especially since photoreceptor density and extend of the
functional retina likely differ between subjects.'**3 However, these assessments might con-
tribute to the understanding of why the illumination gap observed in the control population,
although less severe, is not perceived as a burdensome temporal shadow.

This study showed the effect of IOL design on the peripheral illumination profile, in par-
ticular on the light passing through the iris-IOL gap. These differences might explain why
certain surgical interventions, such as IOL exchange with a wide optic IOL or orienting
the haptics horizontally upon IOL implantation,'®!!-3¢ can resolve ND by interacting with
the iris-IOL gap. However, the analyses presented in this study only evaluated a subset of
the possible IOL design choices, which for example also include the refractive index, edge
thickness and position with respect to the pupil. Future studies will therefore likely require
detailed modeling of the implanted IOL, as these optical effect of all these factors interact
with each other and this study shows that even small changes have a direct impact on the
peripheral illumination profile.

Similarly, as small variations in the ocular anatomy of an individual patient can influence
the peripheral illumination profile,”%31:35 a one-size-fits-all solution for ND is unlikely
and probably requires full personalization of the eye model. An extension of the current
analyses, including wide optic IOLs, piggyback IOL implantation or variation in IOL hap-
tics orientation,!®11:17:36 might therefore aid to determine which treatment is optimal for a
specific ocular anatomy. To that end, the eye models have been made available online (Sup-
plemental data available at https://github.com/MREYE-LUMC/ZOSPy/tree/main/examples)
and the ZOSPy package, used to automate the design and evaluation of the eye models in
OpticStudio, has been published open source.?’
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In conclusion, this research demonstrates that clinically observed differences in the ocular
anatomy of ND patients have a strong, up to 18%, effect in de severity of the discontinuation
of peripheral retinal illumination. It furthermore demonstrated the impact of the IOL design
on this peripheral shadow.
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8.6 Supplementary data

Supplementary Figure 8.1: uCT scan of the ZCB00. The images were acquired on a SkyScan 1076
UCT scanner (Bruker Corporation) using a round scanning trajectory with a step size of 0.3 degrees, an
exposure of 1250 ms and an isotropic resolution of 9 pm. The 3D images were automatically segmented
using an in-house developed analysis pipeline in MevisLab (version 3.0.2, MeVis Medical Solutions
AQG). and the result is shown in red.
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Supplementary Figure 8.2: Relation between visual field angle and retinal location. As the difference
between models was less than 0.4 degrees (insert), the average location was used to determine the
relation. This resulted in the following, second order polynomial, relationship:

_11+107°

ayp = ok — 0.60 ay + 0.17 degree
degree

with a; being the retinal angle and &y the apparent visual field angle. The relationship was extrapo-
lated beyond the measured data for far peripheral retinal angles. VF = visual field.
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Supplementary Figure 8.3: The influence of specific sets of rays on the peripheral illumination pro-
file with a 100% Lambertian scattering edge. Data is shown for the control (left) and ND (right), as well
as for the biconvex IOL (left column) and clinical IOL (right column), both with a clear edge design
(black) and a 100% Lambertian scattering edge design (cyan). The complete illumination, illumination
by rays through the posterior IOL surface, illumination by rays through the IOL edge and illumination
by rays through the iris-IOL gap is shown. Local increases in illumination can clearly be seen for rays
passing through the IOL edge and rays passing through the iris-IOL gap. VF = visual field.
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Supplementary Table 8.1: Quantification of the peripheral illumination gap. The apparent visual
angle at which the illumination decreases below 0.2 and the angle of maximum illumination through
the iris-IOL gap are given for all models. The shadow severity in ND is expressed as % difference with
the corresponding control model. The models with ND consistently showed a more severe shadow
compared to their equivalent control models. ND = negative dysphotopsia, Con = control.

Biconvex IOL Clinical IOL
100% Lambertian 100% Lambertian
scattering edge scattering edge
ND Con ND Con
Location of
illumination gap 89 86 8 83
(° visual field angle)
Location of maximal
¥ll.um1nat10n through 101 98 105 101
iris-IOL gap
(° visual field angle)
had i
Shadow severity 17 — 5 _

(% difference with control)
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Summary and general discussion

9.1 Summary

Negative dysphotopsia (ND) is a bothersome shadow that can occur in the temporal visual
field of the pseudophakic eye.!™ ND is typically present directly after the implantation of
the intraocular lens (IOL).* It disappears over time in most patients, but becomes a chronic
problem in some.* When the research for this thesis was initiated, the origin of ND was still
unknown but multiple hypotheses on this topic existed.>>~7 All hypotheses assumed that
there is a locally reduced or absent illumination of the peripheral retina that resulted in the
experience of a shadow in the peripheral visual field. However, each hypothesis assumed
a different causal mechanism behind the locally reduced illumination. In addition, it was
also unclear why ND disappeared in most patients, which some attributed to opacification
of the capsular bag or to neuroadaptation.? Due to the lack of devices that were able to
measure the far peripheral vision and therewith quantify ND, these hypotheses could not
be confirmed using objective clinical data. Therefore, it was vital to go beyond the sole use
of clinical measurements to gain more insight into the origins of ND.

To that end, we initiated the vVRESPOND study (CCMO registry number: NL58358.058.16) in
cooperation with the European Society of Cataract and Refractive Surgeons (ESCRS), which
formed the basis for this thesis. In the vRESPOND study, the eyes of patients with ND and
pseudophakic controls were extensively measured using both ophthalmic measurements
and ocular MRI scans. The ophthalmic measurements included visual acuity, objective re-
fraction, biometry, anterior segment tomography, peripheral aberrometry, and peripheral
visual field measurements. All measurements except the visual field measurements are part
of this thesis. The visual field measurements are published elsewhere.® Ultimately, the vRE-
SPOND study aimed at using all performed measurements to create atomically accurate
models of the eye and subsequently analyzing the peripheral vision of these models using
ray tracing simulations to gain more insight into the origin of ND. To that end, several
underlying questions had to be answered:

I. Are there anatomical differences between the eyes of pseudophakic patients with and
without ND that affect peripheral vision?

II. How to incorporate the anatomy of patients with and without ND into the eye models
that are used for peripheral vision simulations?

III. How do the results of peripheral vision simulations relate to the peripheral vision
experienced by the patient?

Question I is addressed in Chapters 2 and 3. In these chapters, anatomical measurements
of 37 pseudophakic patients with ND and 26 pseudophakic controls were used to assess
whether there are anatomical differences between those groups that could affect periph-
eral vision. The utilized anatomical measurements included anterior segment tomography,
ocular biometry, peripheral aberrometry, and high-resolution magnetic resonance imaging
(MRI) of the eye. Chapter 2 contains analyses of the anterior segment of the eye, where
significant differences between the patients with ND and the pseudophakic controls were
found. Patients with ND had a significantly smaller pupil, a significantly stronger temporal
decentration of the pupil center, and a significantly stronger tilt of the iris towards the tem-
poral side of the eye. These anatomical differences were further supported by a significant
difference in peripheral aberrations, which could in turn be reproduced using ray tracing
simulations that reflected these anatomical differences. Chapter 3 contains analyses of
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the IOL position and retinal shape using high-resolution MRI, which showed no significant
differences between patients with ND and pseudophakic controls.

Question II is addressed in Chapters 4, 5, and 6. The initial challenge that had to be
overcome to perform peripheral vision simulations using eye models that reflect specific
anatomy was the combination of a large number of variables required to define an eye
model and the computational time required for the subsequent ray tracing simulations.
This combination makes peripheral vision simulations for a larger number of eye models
both error-prone and time-consuming. Automating the entire process from constructing
the eye model to performing the simulations would solve these issues to a large extent.
OpticStudio, the software in which the ray tracing simulations are performed, provides an
application programming interface (API) that allows users to automate the entire process.
This API however requires considerable proficiency in programming, which researchers in
the medical field often do not have. Therefore, Chapter 4 focusses on ZOSPy, an open-
source software package that was developed to simplify controlling ray tracing simulations
through Python.’

The subsequent challenge for question II was determining the optimal methods to model
the cornea and retina for peripheral vision simulations, which was addressed in Chapters
5 and 6. Chapter 5 tests 7 different methods to model the cornea based on topography
measurements. The results showed that surfaces that are normally used to model the central
cornea, such as spheres and ellipsoids, have limited accuracy when modeling the peripheral
corneal shape. The surfaces that could describe the peripheral cornea with sufficient accu-
racy were a surface based on raw topography data, a 6th order Zernike surface, and an gth
order Zernike surface. However, the surface based on raw topography cannot be extrapo-
lated beyond the measured cornea. Moreover, the 8th order Zernike surface was unstable
upon that same extrapolation. As the peripheral cornea is not always fully measured by
corneal topographers, a certain degree of extrapolation beyond the measured area is essen-
tial, rendering the 6™ order Zernike surface the best tradeoff between accuracy and stability
upon extrapolation. In Chapter 6, MRI is used to image the retina, after which the optimal
way to obtain the retinal shape from 3D MRI data is determined. The results showed that
the peripheral retinal shape is best determined by fitting an ellipsoid over a sufficiently large
part, >=220 degrees, of the retinal surface.

Question III is addressed in Chapter 7. ND is thought to be the result of a locally reduced
illumination of the peripheral retina,>>~71% and ray tracing can be used to calculate this reti-
nal illumination in eye models that resemble the anatomy of the eye. However, the clinical
relevance of these simulations depends however on how the illuminated retina translates
back into the visual field. This translation will likely differ between phakic and pseudopha-
kic eyes, especially since the IOL of a pseudophakic eye refracts light rays differently than
the approximately four times thicker crystalline lens of the phakic eye.!! In this chapter, the
relation between the actual location of an object in the visual field and the corresponding
location where that object illuminates the retina was determined for one phakic eye model
and 24 variations of 2 pseudophakic eye models. Subsequently, the retinal illumination of
the phakic model was used as a reference to convert the retinal illumination of the pseu-
dophakic models back to the location in the visual field where the object was perceived. The
results showed that IOLs can induce a shift of over 5 degrees in the perceived peripheral vi-
sual field towards central vision. Such shifts should be considered when performing ray
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tracing studies of the peripheral vision in pseudophakic subjects, as they can have a direct
impact on the subject’s perception.

The results of Chapters 2-7 are combined in Chapter 8 to address the main goal of this the-
sis, gaining more insight into the origin of ND. In this chapter, two eye models were created,
one eye model that incorporates the anatomy of patients with ND and one eye model that
incorporates the anatomy of pseudophakic controls. Each model was combined with four
different IOL designs. Non-sequential ray tracing simulations were used to determine the
retinal illumination for each combination of eye model and IOL design. The results showed
a gap in the illumination of the peripheral retina in both the ND and the control model. This
gap was consistently more severe in the ND model. Moreover, the gap was more severe with
specific IOL designs. The maximal difference in the severity of the illumination gap in the
ND and the control model was 18%, with a more severe illumination gap in the ND model.
These results show that small differences in the ocular anatomy or IOL design affect the
peripheral retinal illumination and can increase the severity of ND by up to 18%.
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9.2 General discussion

Negative dysphotopsia (ND) was first described in 2000.! While the incidence of ND is up to
19% directly after cataract surgery,*!2 and up to 3% of patients still report ND one year after
the surgery,* little effort was initially made to understand this visual complaint. However,
the interest in ND is rising over time. In 2016, when the research for this thesis started, most
insights were based on case reports or theoretical analyses and were yet to be confirmed us-
ing larger sets of clinical data.’>>~713715 This lack of clinical data was mainly caused by a
lack of objective clinical measurements that could quantify peripheral vision and therewith
quantify ND. Thus, other methods to gain additional insight into ND based on clinical data
were required. Within this thesis, we sought that insight by creating eye models that reflect
the anatomy of either patients with ND or of pseudophakic controls without ND, and sub-
sequently determining if these models had a reduced illumination of the retina that could be
perceived as ND using ray tracing simulations (Chapter 8). To achieve this, we not only had
to thoroughly analyze the anatomy of pseudophakic eyes with and without ND, (Chapters 2
and 3) but also develop methods to perform a large number of peripheral vision simulations
using eye models that incorporate that anatomy (Chapters 4-6) as well as methods to relate
these simulations to the patients’ experience (Chapter 7). The knowledge that was obtained
within that process is not only relevant for research towards ND but also holds relevance for
other research fields. Therefore, this general discussion is divided into two parts, Negative
dysphotopsia and Relevance outside the field of negative dysphotopsia.

Negative dysphotopsia
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Relevance outside the field of negative dysphotopsia
Other applications of this work

The insights into accurately modeling the eye for peripheral vision simulations (Chapters
5 and 6) as well as the possibility to programmatically control these simulations through
ZOSPy (Chapter 4) hold relevance for multiple other research topics besides ND. Using
these methods, it has already been shown that the extent of an intraocular tumor can be
overestimated during tantalum-clip surgery (Figure 9.1A).16

Furthermore, they could be used to improve the accuracy of ophthalmic imaging devices, for
instance by correcting central and peripheral fundus imaging for any scaling or distortion
caused by the optics of the eye (Figure 9.1B).}7 In addition, they can be used to gain more
insight into the effect of peripheral refraction on myopia development in children.'® Finally,
they can also be applied to improve the outcome of cataract surgery in special cases, for
example by simulating the outcome of various IOL types for patients with a keratoconus to
determine the optimal IOL for implantation.

Modeling the peripheral anatomy of the eye

This thesis relied heavily on analyzing eye models using ray tracing simulations to quantify
the peripheral vision of the eye. The accuracy of these simulations, and thus their clin-
ical relevance, depends on how well the eye model matches the actual peripheral ocular
anatomy. The results of this thesis provide multiple insights into modeling that peripheral
anatomy correctly. Overall, the structures that have to be modeled accurately include the
cornea, the iris, and the retina. In addition, the IOL, which is not an anatomical but rather
an artificial structure, should also be modeled accurately.

The cornea, the most dominant refractive component of the eye,19 is often modeled using
either a spherical or an ellipsoidal surface.!%2%2! These surfaces can provide a reasonable
description of the central cornea. However, the description of the peripheral cornea can
be inaccurate, which can result in large errors in peripheral vision simulations (Chapter 5).
Some studies have chosen to improve the accuracy of the cornea model by using raw to-
pography data,?>?* which theoretically provides the most accurate model of the corneal
surface. However, as the topographers do not provide full corneal coverage and the raw
data cannot be extrapolated, this method limits the extent to which the peripheral vision
can be analyzed. Chapter 5 showed that higher order Zernike surfaces are able to approxi-
mate the full corneal geometry with decent accuracy and can also be extrapolated beyond
the area covered by the topographer. Therefore, these Zernike surfaces should be used to
model the cornea for peripheral vision simulations.

The iris is often modeled as an annulus with no thickness that is oriented perpendicular to
the optical or visual axis.!%?0-2124 This is valid for simulations of central vision as light is
passing through the pupil in a convergent manner. However, Chapter 8 showed that the
physical space between the iris and the IOL is of importance for peripheral visual com-
plaints. Furthermore, Chapter 2 showed that the iris can have a slight tilt with respect to
the visual axis, and ?? shows the relevance of this tilt for the illumination of the peripheral
retina. Therefore, both the iris thickness and the tilt of the iris should be accounted for when
simulating far peripheral vision, especially when assessing complaints such as ND.

198



Summary and general discussion

] — Central ray
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Figure 9.1: Other applications of this work. A) Ray tracing analysis of eye with an intraocular tumour.
Left: analysis showing that the tumour (red) casts a shadow). Right: simulation result showing that
the tantalum clip (yellow) is placed near the boundary of the shadow rather than near the boundary
of the tumour (red). B) Ray tracing analysis used to evaluate scaling and distortion induced by the
optics of the eye for central and peripheral rays of light.

Theoretically, modeling the IOL should not be a problem as the IOL is artificial and its de-
sign should thus be known. However, these designs are not publicly available nor are they
easily provided by the manufacturers. As a result, ray tracing studies often have to revert
to in-house developed IOL designs rather than the actual IOL designs. Given the often com-
plex peripheral shape of clinically used IOLs, this affects the accuracy of peripheral vision
simulations.

Finally, the retina is often modeled using a spherical surface,'%?2> while it generally has
an ellipsoidal shape (chapter 6). This difference is of little importance for central vision sim-
ulations as these simulations are affected to a far greater extent by the axial position of the
retina than by its peripheral shape. For example, changing the axial position of the retina
by 1 mm would induce a change of about 3 Diopter in central refraction.?® However, if a
similar relation is assumed for peripheral vision and that assumption is combined with the
large variation in peripheral retinal shapes (Chapters 3 and 6, ??), it is clear that the periph-
eral retinal shape is important for peripheral vision simulations. One of the challenges is
however the lack of techniques to measure the retinal shape in a clinical setting. Thus far,
research has proposed to either use off-axis laser interferometry,?’ 3% or MRL3!733 While
off-axis laser interferometry could be performed with a slight adjustment of current clinical
devices, it is only able to measure the central 35 degrees of the retina.?® MRI, on the other
hand, can be used to determine the far peripheral retinal shape (Chapters 3 and 6), but is
generally not available for this purpose in a clinical setting. Some measurement devices that
are still under development, such as a small low-field MRI scanner,>* have the potential to
be used for this purpose and might change the future of ocular modeling,.

Programmatically controlling ray tracing simulations

This thesis required the analysis of many eye models using ray tracing simulations. As cre-
ating an eye model requires the specification of many variables and one has to wait for the
ray tracing simulation to finish before the next eye model can be created, this process would
have been both error-prone and time-consuming if done manually. Therefore, the entire
process was automated using the Application Programming Interface (API) of OpticStudio.
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However, interacting with this API is complex and requires considerable proficiency in pro-
gramming. This will likely limit the number of researchers that use this APIL Therefore, we
have created ZOSPy,” an open-source software package that greatly reduces the complexity
of interacting with the API, as described in Chapter 4. ZOSPy allows researchers to auto-
mate optical modeling and ray tracing simulations without investing considerable time in
learning how to do so. Thus far, ZOSPy has already been used and improved by multiple
contributors.

Standard for peripheral vision simulations

A large part of this thesis is dedicated to improving the clinical relevance of ray tracing sim-
ulation results by modeling the eye as accurately as possible, as this improves the agreement
between the ray tracing results and the actual functioning of the human eye. However, this
agreement does not only depend on the accuracy of the eye model but also on the settings
that were used for these simulations. These settings do not only include the choice between
sequential and non-sequential ray tracing, but also settings such as the definition of the
input field, the definition of the aperture, and the use of ray aiming. Since there is no gold
standard, each research project has to determine appropriate settings by itself. Furthermore,
the chosen settings are often not fully reported, which hinders the comparison of the results
of different studies. Within this thesis, we have strived to report the settings as clearly as
possible, but acknowledge that other researchers might have made other choices. Therefore,
we advocate the creation of a standard for vision simulations, as we believe that this would
greatly improve the scientific value of ray tracing simulations.

Open Science

ZOSPy, the software package described in Chapter 4, furthermore has the potential to con-
tribute to Open Science. Scientific publications based on ray tracing simulations do not
always provide limited insight in their exact methodology. As ZOSPy allows users to write
clear and concise code to perform simulations, this code can easily be shared between scien-
tist or attached to a scientific publication, providing complete insight in the exact methodol-
ogy. The example folder in the ZOSPy repository already shows the potential of this feature.
This would not only be a step forward for studies within field of ophthalmology, but also
for studies in other fields.
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9.3 Concluding remarks

The exact nature of negative dysphotopsia (ND) was unclear for a long time. This thesis
has provided valuable new insight into the origin of ND. Not only did it use ray tracing
simulations based on clinical data to confirm the hypothesis that ND is caused by a gap in the
illumination of the peripheral retina,'? but it also introduced nuance into that hypothesis by
showing that that same gap is, to a lesser extent, also present on the retina of pseudophakic
patients without ND.

These insights could not have been obtained without the scientific reports published by
others, as this thesis built upon that knowledge. However, various methods had to be de-
veloped to obtain the results of this thesis. These methods mainly regarded peripheral vision
simulations using personalized eye models. By thoroughly describing our methods in sci-
entific manuscripts and making part of the developed software available open source,” we
encourage other researchers to in turn build upon our developed methods and move to-
wards personalized vision simulations. These personalized vision simulations will not only
provide more insight into the origin of ND, but also facilitate the improvement of treatments
for ND and even the development of preventative measures.
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Cataract is een vertroebeling van de kristallijne lens van het oog. Dit kan behandeld worden
door de eigen kristallijne lens te verwijderen en een kunstmatige intraoculaire lens (IOL) te
implanteren op dezelfde plek. Hierna wordt het oog pseudofaak genoemd. Na de implan-
tatie van de IOL ontwikkelen sommige mensen negatieve dysfotopsie (ND), een hinderlijke
schaduw in het temporale gezichtsveld van het pseudofake oog. Patiénten waarbij ND ont-
staat zijn zich over het algemeen direct na de implantatie van de IOL op bewust van de
schaduw. Bij de meeste patiénten verdwijnt ND na verloop van tijd, maar soms wordt het
een chronisch probleem. Toen het onderzoek voor deze thesis werd gestart, was het niet
bekend wat de oorzaak van ND was, maar bestonden hierover wel meerdere hypothesen.
In al deze hypothesen werd uitgegaan van een lokaal verminderde of afwezige belichting
van het perifere netvlies van het oog, wat door de patiént als een schaduw in het perifere
gezichtsveld wordt ervaren. Elke hypothese veronderstelde echter een ander causaal me-
chanisme voor de lokale verminderde belichting van het netvlies. Daarnaast was het ook
onduidelijk waarom ND bij de meeste patiénten weer verdween, wat door sommigen werd
toegeschreven aan opacificatie van de kapselzak of aan neuroadaptatie. Het ontbreken van
apparatuur om het perifere zicht, en daarmee ND, te meten, vormde een aanzienlijke be-
lemmering voor het bevestigen of weerleggen van deze hypothesen op basis van objectieve
klinische gegevens. Om een beter inzicht te krijgen in het mechanisme achter het ontstaan
van ND was het daarom noodzakelijk om meer dan conventionele klinische metingen te
gebruiken.

Daartoe zijn wij in samenwerking met de European Society of Cataract and Refractive Sur-
geons (ESCRS) de vRESPOND studie gestart (CCMO-registratienummer: NL58358.058.16).
Deze studie vormde de basis voor dit proefschrift. In de VRESPOND studie werden de ogen
van patiénten met ND en van een pseudofake controlegroep zonder ND uitgebreid in kaart
gebracht met zowel oogheelkundige metingen als MRI-scans van het oog. De uitgevoerde
oogheelkundige metingen omvatten visusmetingen, objectieve refractiemetingen, biome-
trie, tomografie van het voorsegment, perifere aberrometrie en perifere gezichtsveldmetin-
gen. Het uiteindelijke doel van de studie was om op basis van de uitgevoerde metingen
anatomisch nauwkeurige virtuele oogmodellen te creéren en het perifere zicht van deze
modellen te analyseren met behulp van ray tracing simulaties, om zo meer inzicht te krij-
gen in het ontstaansmechanisme van ND. Daartoe moesten verschillende onderliggende
vraagstukken worden beantwoord:

I. Zijn er anatomische verschillen tussen de ogen van pseudofake patiénten met en zon-
der ND die het perifere zicht beinvloeden?

II. Hoe kan de anatomie van patiénten met en zonder ND verwerkt worden in oogmo-
dellen die worden gebruikt voor simulaties van het perifere zicht?

III. Hoe verhouden de resultaten van simulaties van het perifere zicht zich tot het perifere
zicht dat ervaren wordt door de patiént?

Vraagstuk I wordt behandeld in Hoofdstuk 2 en Hoofdstuk 3. In deze hoofdstukken wor-
den anatomische metingen van de ogen van 37 patiénten met ND en 26 pseudofake controles
gebruikt om te beoordelen of er tussen deze groepen anatomische verschillen zijn die het
perifere zicht kunnen beinvloeden. De metingen die hiervoor worden gebruikt zijn: to-
mografie van het voorsegment, oculaire biometrie, perifere aberrometrie en hoge resolutie
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Magnetic Resonance Imaging (MRI) van het oog. Hoofdstuk 2 bevat analyses van de ana-
tomie van het voorsegment van het oog. Deze analyses tonen significante verschillen tussen
de anatomie van de patiénten met ND en van de pseudofake controles. Patiénten met ND
hebben een significant kleinere pupil, een significant sterkere temporale decentratie van
het pupilcentrum, en een significant sterkere kanteling van de iris naar de temporale zijde
van het oog. Daarnaast tonen de analyses ook een verschil in de perifere aberraties van het
oog. Dit verschil kon worden gereproduceerd met behulp van ray tracing simulaties met
oogmodellen waarin de gevonden anatomische verschillen waren verwerkt. De simulaties
laten zien dat de anatomische verschillen en de verschillen in perifere aberraties in lijn zijn
met elkaar. Hoofdstuk 3 bevat analyses van de positie van de IOL en de vorm van het
netvlies op basis van hoge-resolutie MRI. Deze analyses laten geen significante verschillen
zien tussen de patiénten met ND en de pseudofake controles.

Vraagstuk II wordt behandeld in de Hoofdstukken 4, 5 en 6. De eerste uitdaging voor het
meenemen van anatomische variatie in oogmodellen die gebruikt worden voor zichtsimula-
ties is de combinatie van het grote aantal variabelen die gedefinieerd moeten worden om een
oogmodel te maken en de benodigde rekentijd voor de daaropvolgende ray tracing simula-
ties met dat oogmodel. Deze combinatie maakt het uitvoeren van perifere zichtsimulaties
met een groot aantal oogmodellen zowel foutgevoelig als tijdrovend. In principe zouden
deze problemen grotendeels opgelost kunnen worden door het gehele proces te automatise-
ren. OpticStudio, de software waarin de ray tracing simulaties worden uitgevoerd, biedt de
mogelijkheid tot dergelijke automatiseren via een Application Programming Interface (API).
Deze API vereist echter een aanzienlijke vaardigheid in programmeren, wat het gebruik las-
tig maakt voor veel onderzoekers in het medische veld. Daarom wordt Hoofdstuk 4 ZOSPy
beschreven, een open-source softwarepakket dat is ontwikkeld om het automatiseren van
ray tracing simulaties via Python te vereenvoudigen.

Op zichzelf is dat softwarepakket niet voldoende om Vraagstuk II op te lossen, dit vereist
namelijk ook het bepalen van de optimale methode om het hoornvlies en het netvlies te mo-
delleren voor perifere zichtsimulaties. Dat wordt gedaan in Hoofdstuk 5 en Hoofdstuk 6.
In Hoofdstuk 5 worden zeven verschillende methoden getest om het hoornvlies te model-
leren op basis van topografische metingen. De resultaten van dit hoofdstuk laten zien dat de
soorten oppervlakken die normaal worden gebruikt voor het modelleren van het centrale
hoornvlies, zoals een bol of een ellipsoide, een beperkte nauwkeurigheid hebben als ze wor-
den gebruikt voor het modelleren van het perifere hoornvlies. De oppervlakken die de vorm
van het perifere hoornvlies wel met adequate nauwkeurigheid konden beschrijven waren
een 6° orde Zernike-oppervlak, een 8¢ orde Zernike-oppervlak, en een oppervlak direct ge-
baseerd op de ruwe data van de topografiemeting. Aangezien het perifere hoornvlies niet
altijd volledig gemeten wordt door corneatopografen, is de mogelijkheid om te extrapoleren
buiten het gemeten gebied essentieel voor het modelleren van dit deel van het hoornvlies.
Het oppervlak gebaseerd op de ruwe data ondersteunt dergelijke extrapolatie niet, en het 8°
orde Zernike-oppervlak vertoont instabiliteit bij diezelfde extrapolatie. Uiteindelijk toont
het 6° orde Zernike-oppervlak de beste balans tussen nauwkeurigheid in de beschrijving
van de perifere cornea en stabiliteit bij extrapolatie buiten het gemeten gebied, waarmee dit
het optimale oppervlak is om het perifere hoornvlies te modelleren voor perifere zichtsi-
mulaties. In Hoofdstuk 6 wordt MRI gebruikt om het netvlies in beeld te brengen, waarna
wordt bepaald wat de optimale manier is om de perifere netvliesvorm te bepalen op basis
van de driedimensionale MRI-data. De resultaten tonen aan dat de perifere vorm van het
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netvlies het best kan worden bepaald door een ellipsoide te fitten over minimaal 220 graden
van het netvliesoppervlak.

Vraagstuk III wordt behandeld in Hoofdstuk 7. De hypotheses rondom het mechanisme
achter ND gaan uit van een lokaal verminderde belichting van het netvlies, en ray tracing
simulaties met modellen van het oog kunnen worden gebruikt om de belichting van het pe-
rifere netvlies te berekenen. De klinische relevantie van deze simulaties hangt echter af van
hoe het verlichte netvlies zich verhoudt tot het gezichtsveld dat wordt waargenomen. Deze
verhouding zal waarschijnlijk verschillen tussen ogen met een kristallijne lens en pseudo-
fake ogen met een IOL, zeker omdat de refractie van perifere lichtstralen zal verschillen
tussen de IOL en de vier keer dikkere kristallijne lens. In dit hoofdstuk wordt voor een oog-
model met een kristallijne lens en 24 variaties van 2 pseudofake oogmodellen bepaald wat de
relatie is tussen de fysieke locatie van een object rondom het oog en de locatie op het netvlies
die wordt belicht door lichtstralen vanuit dat object. Vervolgens wordt de netvliesbelichting
van het oogmodel met de kristallijne lens gebruikt als referentie om de netvliesbelichting
van de pseudofake oogmodellen om te zetten in het gezichtsveld dat wordt waargenomen.
Deze berekeningen laten zien dat het vervangen van de kristallijne lens voor een IOL het
waargenomen perifere gezichtsveld meer dan 5 graden richting het centraal kan verschui-
ven, wat kan beinvloeden hoe het gezichtsveld en eventuele gezichtsveldklachten worden
ervaren. Ray tracing studies van het perifere zicht moeten daarom rekening houden met
dergelijke verschuivingen.

De resultaten van de eerder hoofdstukken worden gecombineerd in Hoofdstuk 8 om zo
het uiteindelijke doel van dit proefschrift te kunnen realiseren, namelijk het verkrijgen van
meer inzicht in het ontstaansmechanisme van ND. In dit hoofdstuk worden twee oogmo-
dellen gemaakt, een met de anatomische eigenschappen van patiénten met ND en een met
de anatomische eigenschappen van pseudofake controles. Elk oogmodel wordt daarna ge-
combineerd met vier verschillende IOL-ontwerpen. Vervolgens worden niet-sequentiéle ray
tracing simulaties gebruikt om de belichting van het netvlies te berekenen voor elke com-
binatie van oogmodel en IOL-ontwerp. Deze simulaties laten een lokaal verminderde be-
lichting van het perifere netvlies zien in zowel het oogmodel voor patiénten met ND als het
oogmodel voor pseudofake controles. De mate van lokaal verminderde belichting is athan-
kelijk van het IOL-ontwerp en is consequent heviger in het oogmodel voor patiénten met
ND, met een maximaal verschil van 18% tussen de oogmodellen. Dit laat zien dat kleine
anatomische verschillen en verschillen in IOL-ontwerp van invloed zijn op de belichting
van de perifere retina, wat de ernst van ND met 18% kan verergeren.

Uiteindelijk worden in Hoofdstuk 9 de verdere implicaties van deze thesis besproken. De
resultaten van deze thesis bevestigen niet alleen de hypothese dat ND wordt veroorzaakt
door een lokaal verminderde belichting van de perifere retina, maar geven daarbij ook de
kanttekening dat deze lokaal verminderde belichting in mindere mate ook optreedt in pseu-
dofake ogen zonder ND. De logische vervolgstap binnen het onderzoeksveld is het uitvoeren
van gepersonaliseerde zichtsimulaties. Om dat te stimuleren wordt de methodologie achter
de uitgevoerde simulaties uitgebreid beschreven in deze thesis en is een deel van de ontwik-
kelde software open-source beschikbaar. Zo kunnen via gepersonaliseerde zichtsimulaties
voor individuele patiénten met en zonder ND niet alleen additioneel inzicht in ND verkregen
worden, en kunnen er ook behandeling of preventieve maatregelen worden ontwikkeld.
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Negative dysphotopsia is a bothersome shadow in the
peripheral visual field that can occur after cataract surgery.
This thesis aims at uncovering its origin. To do so, the ocular
anatomy of pseudophakic patients with and without negative
dysphotopsia is extensively measured. These anatomical
measurements are incorporated in geometric eye models,
which are then analyzed using ray tracing simulations. The
results of these simulations provide valuable insights into the
origin of negative dysphotopsia.
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