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“The study of nature must necessarily involve the study of the human sense as 

well. In order to be accurate in our observations of light and colour in the 

landscape, we must, first of all, be familiar with the instrument we use 

continually-namely, the human eye.” 
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Abstract 

The human crystalline lens is a biconvex adjustable refractive element of the eye 

and consists of concentric layers of fibre cells that form the lens nucleus and cortex. 

The lens is subject to several ageing processes that alter structural, optical and 

biomechanical lens properties, leading to a gradual deterioration in vision. The ever-

growing fibre cells cause continuous remodelling of lens morphology by increasing the 

lens size and weight. Human crystalline lens transparency is achieved by specific 

structural lens organisation, and age-related molecular changes in the lens lead to 

increased intraocular light scattering.  

The main goal of the study was to demonstrate and quantify characteristic age-

related alterations in the crystalline lens by the measurement of forward- and back-

scattering in healthy subjects and to associate those changes with vision degradation. 

Specifically, the thesis concentrated on: (1) lens shape remodelling with age, (2) gradual 

loss of lens transparency and reduction of visual performance, and (3) optical 

inhomogeneities within the lens associated with the micro-structural lens organization. 

Two modern imaging instruments, anterior segment swept-source optical coherence 

tomography (OCT) and double-pass imaging of retinal point spread function, were used 

to assess both the lens morphology and intraocular scattering. Firstly, I demonstrated 

that crystalline lens morphology (thickness and radii of surface curvature) changes with 

age. I also evaluated that the optical quality of the lens degrades with age as the back-

scattered optical signal increases. Secondly, I performed a detailed analysis of the age-

related changes in the optical signal discontinuity zones of the lens (nucleus and cortical 

C1α, C1β, C2, C3, and C4 zones) based on high-definition OCT images and Oxford 

system nomenclature. The bright zone, C3, was primarily responsible for the overall 

growth of the crystalline lens and also highly correlates with the increase in the back-

scattered signal. Finally, I was able to visualize lenticular suture architecture from 

volumetric OCT data.  
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The results help towards an improved understanding of the structure/function 

relationship of the crystalline lens, and can contribute to a better insight into the 

development of age-related eye diseases such as cataract and presbyopia. 
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Streszczenie 

Soczewka oka ludzkiego jest dwuwypukłym elementem refrakcyjnym, którego 

kształt może ulegać zmianom. Zbudowana jest ona z koncentrycznych warstw 

wydłużonych komórek, tworzących tzw. jądro oraz korę soczewki. Soczewka podlega 

różnorakim procesom starzenia, które wpływają na zmianę jej właściwości 

strukturalnych, optycznych oraz biomechanicznych, prowadząc do stopniowego 

pogorszenia widzenia. Ciągły wzrost oraz przyrost liczebności włókien soczewki 

skutkuje nieustanną przebudowę morfologii soczewki, manifestujący się w 

zwiększeniu jej rozmiaru i wagi. Dodatkowo, wysoka przezroczystość soczewki oka 

ludzkiego jest osiągana dzięki specyficznej budowie strukturalnej soczewki, a 

następujące z wiekiem zmiany molekularne zachodzące w soczewce prowadzą do 

zwiększonego wewnątrzgałkowego rozpraszania światła. 

Niniejsza praca miała na celu charakteryzację oraz opis ilościowy zmian w 

soczewce oka ludzkiego poprzez pomiar światła rozproszonego wstecznie oraz w przód 

w grupie zdrowych ochotników oraz powiązanie tych zmian ze zmianami jakości 

widzenia. W pracy tej skoncentrowano się na następujących zjawiskach: (1) zmiany 

kształtu soczewki z wiekiem, (2) stopniowa zmiana przezroczystości soczewki 

(rozproszenia światła) oraz osłabienie jakości widzenia, (3) występowanie 

niejednorodności optycznych w soczewce związanych ze sposobem organizacji 

komórkowej. W badaniach użyto instrumenty obrazujące takie jak tomografia optyczna 

OCT przedniego odcinka oka oraz układ podwójnego przejścia do prezentacji funkcji 

odpowiedzi punktowej oka. Metody te pozwoliły na wizualizację struktury 

trójwymiarowej oka oraz pomiar rozpraszania wewnątrzgałkowego. 

Podjęte badania przekrojowe pokazały, że cechy morfologiczne soczewki, takie 

jak grubość i promień krzywizny, zmieniają się wraz z wiekiem. Jakość optyczna oka 

ulega również pogorszeniu, co jest związane ze wzrostem rozpraszania światła w oku. 

W kolejnej części pracy przeprowadziłem analizę tzw. warstw (obszarów) nieciągłości 

optycznych w soczewce, które zostały zidentyfikowane na obrazach OCT w oparciu o 
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tzw. system nomenklatury oksfordzkiej (tj. jądro i warstwy korowe C1α, C1β, C2, C3 i 

C4). Badania wykazały, że jasna warstwa C3 jest głównie odpowiedzialna za 

zwiększenie grubości soczewki, a zmiany w niej zachodzące mają istotny wpływ na 

wzrost natężenia światła rozpraszanego wstecznie. W ostatniej części pracy pokazałem, 

że trójwymiarowe dane OCT umożliwiają wizualizację struktury tzw. szwów 

soczewkowych. 

Wyniki badań przyczyniają się do oceny zależności pomiędzy strukturą a 

funkcją soczewki, a tym samym do zrozumienia procesów rozwoju chorób oka 

związanych ze starzeniem, takich jak zaćma czy starczowzroczność. 
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Motivation, hypothesis and aims 

Ageing is a natural process that occurs in all living organisms. It involves the 

gradual decline of physiological functions and the onset of various degenerative 

diseases. The effects of ageing on the human body are multifaceted, affecting various 

organs and systems. One of the most notable changes that occur with ageing is a loss of 

muscle mass and strength, known as sarcopenia. Other changes that occur with ageing 

include decreased bone density, osteoporosis, and an increased risk of cardiovascular 

disease, diabetes, and cancer. The immune system also undergoes changes with ageing, 

the thymus, which is responsible for producing T-cells, decreases in size and function 

with age, leading to a decline in the ability to mount an immune response. The ageing 

process also affects the human brain and mind, leading to a decline in cognitive function 

and an increased risk of dementia. As we age, the brain undergoes a series of structural 

and functional changes, including a decrease in the size of the brain and a decrease in 

the number of neurons and synapses. One of the most significant risks associated with 

ageing is the increased risk of dementia, including Alzheimer's disease. 

The complex optical system of the human eye involves multiple structures and 

processes that work together to create the sense of sight. The eye is also subject to age-

related changes, which can result in vision deterioration, affecting a significant 

percentage of the global population over 40 years of age. These changes may cause 

difficulties with daily activities and even lead to blindness. Visual impairment and 

blindness pose a significant economic burden, especially in societies of developed 

countries where the lifespan is generally longer. The ocular tissues undergo different 

degenerative processes with age, which leads to the eye diseases such as corneal 

degeneration, posterior vitreous detachment (due to liquefaction), and age-related 

macular degeneration in the retina [1]. The crystalline lens is a crucial structure of the 

eye that also undergoes natural ageing processes causing presbyopia and cataract – the 

conditions with the highest global prevalence. 
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Ophthalmic diagnostics serves as a key step for the determination of both the 

presence and progress of ocular pathologies as well as for monitoring eye disease 

management strategies. Modern emerging technologies represent advantages over 

traditional clinical methods for lens evaluation such as slit lamp examination. Recent 

advancements in light source and optical signal detection technologies have provided 

new methods with higher sensitivity and resolution than previous imaging modalities. 

However, several challenges have yet to be addressed to perform comprehensive 

investigations on which regions of the lens are primarily responsible for lenticular 

ageing processes [2-14]. In addition, quantitative image analysis offers the potential for 

an objective assessment of the optical properties of the crystalline lens. 

In this dissertation, I hypothesize that in-vivo optical imaging enables 

objective measurement of age-related changes in the crystalline lens, which in turn 

affects vision. 

Therefore, the main goal of the study was to demonstrate and quantify 

characteristic age-related alterations in the crystalline lens by the measurement of 

forward- and back-scattering in healthy subjects and to associate those changes 

with vision degradation. 

In the cross-sectional studies, I utilized two emerging modalities – optical 

coherence tomography (OCT) and double-pass method (for retinal point spread 

function imaging) – to map and quantify age-related changes in the crystalline lens by 

the detection of light back- and forward scattering, respectively. Additionally, visual 

function was assessed with a contrast sensitivity test in adaptive optics visual simulator. 

In particular, I defined the following specific aims: 

1. To visualize and quantitatively analyse age-related changes in morphology and 

transparency of crystalline lens and to investigate the impact of those changes 

on the visual quality of the eye: The unique morphology and transparency of the 

crystalline lens enables for focusing the light at the retina for clear vision. My goal 

was to evaluate the age-related morphological changes in the crystalline lens, 

specifically, its central thickness and radii of curvature, using three-dimensional 

OCT data. I also measured the transparency of the crystalline lens (optical densities) 
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and presented the corresponding age-related changes. Additionally, I evaluated the 

optical quality and vision quality of the eye through the use of the double-pass 

system and adaptive optics visual simulator. 

2. To demonstrate the three-dimensional local optical inhomogeneities of the 

crystalline lens and their association with microstructural lens features: Here, 

two other aspects of lens development and ageing were considered, namely 

lenticular sutures and optical signal discontinuity (OSD) zones. These examples 

represent micro-structural details of the lens and can be visualized optically as 

inhomogeneities in volumetric OCT images. Through quantitative and qualitative 

analysis, I identified the regions of the lens that dominate age-related changes, 

shedding light on the roles of sutures and OSD zones in the lens declining 

transparency with age. 
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Dissertation outline 

The dissertation is divided into the following chapters: 

Chapter 1: In this chapter, I will provide an overview of the unique characteristics of 

the human crystalline lens, including its morphology and transparency. You will also 

gain an understanding of optical scattering in the eye and the microstructural features 

that impact the lens optical quality which are the subject of interest in this thesis. 

Together, we will explore the developmental stages of the lens and the crucial features 

that enable its function. Additionally, I will provide insights into the ageing processes 

that can lead to the degradation of the lenticular tissue and may contribute to eye 

diseases such as cataracts and presbyopia. 

Chapter 2: In this chapter, I will introduce the clinical tools that were utilized to 

evaluate the status of the crystalline lens. Specifically, I will focus on optical imaging 

modalities used in this project that measured either the morphology or transparency of 

the lens. I will provide a rationale for why OCT was chosen over other imaging 

modalities and offer a detailed explanation of the developed swept-source OCT system, 

including how its characteristics were measured. Additionally, I will describe the 

double-pass system and the adaptive optics visual simulator that were used to clinically 

assess the optical quality of the eye and the vision quality. 

The next three chapters demonstrate the results of my studies. Each chapter starts with 

the motivation and state of the art related to a specific topic. Next, the details of data 

acquisition and developed data analysis tools were presented. Once the results are 

shown, I included a critical and thorough discussion of the observed effects with the 

other published studies on each specific topic. 

Chapter 3: I will present the results of the cross-sectional study aiming at the 

determination of changes in the shape and transparency of the crystalline lens in healthy 

subjects. Specifically, I will introduce the algorithm to measure the radius of curvature, 

central thickness and optical density of the crystalline lens. To ensure the accuracy of 
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these measurements, I corrected the OCT images of the lens for motion artefacts and 

light refraction prior to conducting the measurements. I performed a statistical analysis 

of age-related changes in the above-mentioned parameters and how they associate with 

vision quality. I also found a relation between back-scatter and forward-scatter metrics. 

Chapter 4: I will present the optical signal discontinuity (OSD) zones, which are the 

unique features of the crystalline lens that appear as bright and dark zones in optical 

cross-sectional images. I will introduce the methodology to extract the thickness and 

optical density of these zones from OCT-based densitograms. The study presented in 

this chapter is regarded as a more detailed assessment of age-related lens alterations 

than that given in Chapter 3. Additionally, I will use multivariate regression analysis 

and Spearman correlations to demonstrate how the degradation of the crystalline lens 

and the OSD zones can impact the eye’s overall quality measurements. This is the first 

comprehensive study that uses OCT data to identify OSD zones and evaluates the 

modifications of the OSD zones with ageing.  

Chapter 5: In this chapter, I will focus on the unique features of the lenticular sutures. 

I will describe the methods used to obtain contrast-enhanced en-face images of the 

sutures and to quantify suture-like features within the lens from OCT volumetric 

images. To achieve this, I developed an algorithm that was compared with manual 

counting of the suture branches for accuracy. Additionally, I measured the transparency 

of the sutures and assessed their contribution to the overall signal from the cortex of the 

lens. Through the statistical analysis, I presented correlations between age and the 

suture optical density signal and overall cortex signal, which provided valuable insights 

into the ageing processes of the lens. This study represents the first in-vivo visualisation 

of human lenticular sutures. Throughout the chapter, I also provided context for the 

significance of our findings. 

Chapter 6: In this chapter, I have provided a summary of all results obtained in the 

project and discussed the results concerning the hypotheses and objectives that were set 

at the beginning of the thesis. I also identified the limitations of the study and discussed 

possible ways to address them. Additionally, I have shared insights from the 

conclusions drawn from the study, and I discussed potential future applications and 

directions in the fields of ophthalmology and vision science. 
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Chapter 1 

Introduction 

The human eye is a complex optical system that consists of a series of structures 

and media. The ocular structures enable formation of a sharp image of an object onto 

the retina, where the light is converted into electrical signals that our brain interprets as 

visual images. The eye’s natural lens, also called the crystalline lens, is an important 

part of the eye’s anatomy that allows the eye to focus on objects at varying distances. It 

is located behind the iris and in front of the vitreous body. The crystalline lens is a 

highly transparent and complex tissue that grows throughout life and continuously goes 

through biochemical changes. The age-related changes in the lens change the 

morphology and transparency of the lens which eventually affects the vision process. 

To understand the ageing of the lens, it is essential to first understand the morphology 

and the features responsible for the transparency of the lens [7, 15, 16]. The morphology 

and transparency of the lens depend on how the lens is developed and the micro-

structures within the lens. 

1.1 Morphology and transparency of the crystalline lens 

The crystalline lens is an avascular, biconvex, and transparent structure that is 

composed of specialized cells called lens fibres. The lens fibres are long, thin cells that 

are packed tightly together, forming concentric layers that resemble the rings of an 

onion. The fibre cells are arranged in a radial pattern, with the outermost fibres 

originating from the anterior pole of the lens and the innermost fibres originating from 

the posterior pole. These layers are called lamellae, and they are arranged around a 

central core called the nucleus. The lens fibres are held together by a delicate network 

of intercellular junctions called sutures (Fig. 1). 
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Figure 1. Anatomy of the crystalline lens. 

 

The lens fibres are constantly being added to the lens throughout life.  

The crystalline lens grows with age because the primary and secondary fibre cells 

continuously differentiate to add elliptical fibre cells throughout the lens [7, 10, 17].  

The addition of new lens fibres towards the lens periphery makes it more convex. That 

is, the crystalline lens curvature declines with age as it becomes thicker. The average 

lens size in adults is approximately 10 mm across and 4 mm from front to back.  

Generally, the lens is comprised of a very high concentration of proteins 

(sometimes exceeding 450 mg/ml) [17]. Proteins make up nearly 60% of the eye’s lens 

which is a higher protein concentration than any other bodily tissue [2, 18, 19]. The lens 

fibre cell cytoplasm has specialized proteins called crystallins, which are responsible 

for maintaining its transparency. Crystallins provide about 90% of the soluble proteins 

in the crystalline lens. The crystallins account for 38% of the wet weight of the lens [2, 

18]. As new fibres are added at the outer edge of the lens and old fibres are pushed 

towards the centre, a gradient of fibre density can be observed inside the lens, with the 

outer fibres being less dense than the inner fibres. This results in the gradient of 

crystallins concentration. Along with a non-uniform growth rate of the lens layers, the 

gradient of distribution of crystallins develops a gradient of refractive index (GRIN) 
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distributed such that the highest refractive index is at the centre and the lowest is at the 

lens periphery [20, 21]. The crystallins are also arranged in a highly organized pattern, 

with different types of crystallins localized to specific regions of the lens [2, 18, 22]. 

The transparency of the lens is maintained by several mechanisms. First of all, 

to keep the lenticular physical phenotype and maintain transparency, the differentiated 

lens fibres are arranged in high order such that the light scattering losses are minimized 

[7, 10, 17]. During differentiation, the fibre cells undergo the elimination of nuclei and 

organelles so that there is no refractive index mismatch across the cells (Fig. 1) [2, 18, 

22]. Moreover, the high concentrations of crystallins in the centre of the lens and the 

specific arrangement of crystallins make the lens highly transparent [23, 24]. Those 

factors decide on a relatively uniform refractive index at the cellular and sub-cellular 

levels. This means that ideally light passing through the lens is not scattered, and the 

lens is not opaque. 

Another mechanism for maintaining transparency is the circulation of nutrients 

and waste products within the lens. The lens is avascular, meaning that it does not 

contain blood vessels. Instead, nutrients and waste products are transported to and from 

the lens through the aqueous humour. The lens metabolism is maintained by micro-

circulation, which begins at the extracellular spaces of the sutures and helps to remove 

any proteins or other substances that may accumulate within the lens, which could 

potentially interfere with its transparency. 

In nuts-shell, human lens formation goes through an asymptotic growth phase 

before birth, and lens growth is linear after birth. The crystalline lens transparency is 

facilitated by the unique cellular architecture of the lens, the absence of blood vessels, 

the removal of cellular organelles (including cellular nuclei) that minimises the 

extracellular space, and the matching of the refractive index between the membranes 

and the cytoplasm. To maintain the transparency of the crystalline lens, the crystalline 

lens must be nurtured with the required ions and maintain water content [25-30]. 
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1.2 Light scattering in the eye  

As media for light propagation, most human tissues are considered turbid (i.e., 

“cloudy” or opaque). However, the eye is the most transparent human organ, which 

allows maximum light penetration with safe optical power. Light scattering is a 

phenomenon that occurs due to small-scale inhomogeneities (such as the collagen fibrils 

in the cornea, the lens proteins, etc.) within the ocular media, whose refractive indices 

with respect to the surrounding media modify the original trajectory of the incident light 

inside the eye. These inhomogeneities will affect light propagation within the eye and 

degrade the retinal image quality. Understanding scattering in the eye is crucial for 

developing ophthalmic optical imaging techniques that can diagnose and monitor eye 

diseases. 

When light is incident on soft matter, the molecules in the matter absorb light 

partially and rest is radiated as scattered light. Each molecule acts as a point source of 

scattered light in all directions. Depending on interference with the light waves emitted 

by molecules in the surrounding, the overall scattering can be directional. Two main 

types of directional scattering that occur in the eye are: forward scattering and backward 

scattering [15, 31].  

Forward scattering occurs when light is scattered in the forward direction with 

scattering angle of smaller than 90°, i.e. away from the direction of the incident light. 

This type of scattering is important in determining the transparency of the cornea and 

crystalline lens [32, 33]. For a healthy eye, the contribution of forward scattering by the 

cornea, iris, crystalline lens, and retina is 30%, 5%, 40%, and 20%, respectively of the 

total scattered light. The forward scattered light intensity can be determined by: 

                                    𝐼 =  𝐼  × exp(−𝜇௧ 𝑧),                    (1.1) 

where 𝐼 is the light intensity incident on the sample, 𝜇௧ is the total attenuation 

coefficient, and z is the distance travelled by the light. The main effect of forward light 

scattering is the reduction of the retinal image quality by introduction of glare in the 

vision. As a consequence, contrast sensitivity of the eye is lower. 
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Backward scattering, on the other hand, occurs when light is scattered at over 

more than 90°, or in the backward direction, towards the direction of the incident light 

[33]. The backward scattered light intensity is given by: 

                                    𝐼 =  𝐼 − (𝐼  × exp(−𝜇 𝑧)),                    (1.2) 

where 𝐼 is the light intensity incident on the particle, 𝜇 is the absorption coefficient, 

and z is the distance travelled by the light. 

 

 

Figure 2. Schematics of light scattering in the eye (adapted from [32]).  

 

The mechanisms underlying forward scattering and backward scattering are 

different and depend on the size and shape of the scattering particles (Fig. 2). The 

particles much smaller than wavelength scatter about equally in forward and backward 

directions; larger particles scatter more strongly in forward direction. The particles 

dominating backward scatter in the human eye lens are much smaller than the 

wavelength. The particles dominating forward scatter have sizes of the order of 

wavelength are due to Mie scattering (Fig 3.). Physically, intraocular scattering can be 

complex and also depends on the refractive index of the scatterers with respect to their 

surrounding media [33-35]. Mie scattering is roughly dependent on the wavelength of 
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light, and its intensity is proportional to the size of the scattering particle. In this case, 

the scattered light is not isotropic but rather depends on the angle of scattering [36].  

 

 

Figure 3. Angular distribution of scattered light for Rayleigh and Mie scattering.  

 

When the scatterers are much smaller than the wavelength of light, the Rayleigh 

approximation can be used. Rayleigh scattering occurs in both forward and backward 

directions (Fig. 3). For small particles, such as those found in the cornea and crystalline 

lens, Rayleigh scattering is the dominant mechanism of scattering. The intensity of 

Rayleigh scattering is inversely proportional to the fourth power of the wavelength of 

light, which means that shorter-wavelength light is scattered more strongly than longer-

wavelength light. In this case, the scattered light is isotropic, meaning that it is scattered 

equally in all directions. This is why the cornea and crystalline lens, which are made up 

of small scattering particles, appear transparent to visible light [15, 37-39]. 

Ophthalmic optical imaging techniques based on scattering are powerful tools 

for diagnosing and monitoring eye diseases. These techniques make use of the 

scattering properties of the various structures within the eye to obtain high-resolution, 

non-invasive images of these structures. Some of the most commonly used ophthalmic 

optical imaging techniques based on scattering detection include optical coherence 

tomography (OCT), confocal microscopy, and Scheimpflug imaging. 



7 
 

1.3 Lenticular sutures: a juncture of the lens fibre ends  

Lenticular sutures constitute the surfaces where anterior or posterior fibre ends 

meet each other. The study of lenticular sutures has revealed complex lens growth 

throughout life. Previous studies of the lens suture anatomy observed the lens growth’s 

complexity by studying the suture patterns during infancy, adolescence, and adulthood 

[40, 41]. The sutures can be categorised based on their structural complexity as 

umbilical / central point, line, y-shaped, and star-like (Fig. 4). 

 

 

Figure 4. Schematic diagrams showing the formation of suture patterns; (a) simple 

umbilical, (b) line, (c) Y-shaped, and (d) complex star-shaped sutures [41]. 

 

Umbilical/central point suture: The simplest lens suture characteristic of birds, 

reptilians, some amphibians, and fish lenses. These lenses have fibres with identical 

growth and pass through the polar axis of the lens. The anatomical appearance would 

be a point at the centre (Fig. 4a). 
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Line, y-shaped, and star-like sutures: The lens fibres with these sutures do not 

extend from one pole to another pole of the lens, like lenses with umbilical sutures. 

Instead, the suture pattern begins at a pole and branches out towards the equator of the 

lens along the curvature of the layer of the lens. The line sutures are characteristic of 

many fish, sharks, rays, frogs, and small mammals like mice, guinea pigs, and rabbits. 

As the name suggests, line sutures appear as horizontal and vertical lines on the anterior 

and posterior surfaces of the lenticular layers (Fig. 4b). 

Y-shaped sutures anatomically include three suture branches forming a ‘Y’ on 

the anterior lens surface (embryonic nucleus). On the posterior surface, three suture 

branches form an inverted ‘Y’. The Y-sutures are seen in the young eyes of large 

mammals, including humans (Fig. 4c). 

The complex star-shaped sutures are seen in large adult mammals, including 

humans. More than three branches characterise the star-shaped sutures and also have 

further sub-branches (Fig. 4d). The star-shaped suture branches are more extended than 

line and y-shaped sutures. The anterior and posterior branches of the line, y-shaped and 

star-shaped sutures, are rotated to each other by 90⁰, 60⁰, and 20⁰ (approximately), 

respectively [41]. 

Ideally, the lens would be a perfect, spherical structure that would refract the 

light perfectly and focus it onto the retina. However, the lens is not a perfect structure, 

and several factors can contribute to light scattering and aberration. One of these factors 

is the presence of sutures, which create interfaces between the different lens fibres that 

can scatter the light. 

The arrangement of sutures at the poles of the lens is particularly important in 

reducing light scattering. The sutures at the poles are arranged in a highly ordered, 

symmetrical pattern that radiates out from the centre of the pole [41]. This arrangement 

helps to minimize the number of interfaces between the different lens fibres that the 

light must pass through. When the light encounters an interface between two different 

lens fibres, some of it is reflected and scattered, leading to a loss of image quality. By 

minimizing the number of interfaces, the suture pattern at the poles reduces light 

scattering and improves image quality [40, 42]. 
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In addition to reducing the number of interfaces, the suture pattern at the poles 

is also optimized to reduce spherical aberration, which is another factor that can 

contribute to light scattering. Spherical aberration occurs when light rays passing 

through different parts of a spherical lens converge at slightly different points, leading 

to blurring and distortion of the image. The angle of the sutures at the poles is optimized 

to reduce spherical aberration by ensuring that the light passing through the lens is 

focused onto the retina with minimal distortion [26, 40, 42, 43]. 

1.4 Role of the crystalline lens in the human ocular system 

The human ocular system comprises refractive elements like the cornea and the 

crystalline lens, allowing the image of the object to be generated on the retina via the 

ocular media (i.e. aqueous and vitreous humour). About two-thirds of the eye’s focusing 

power is due to corneal refraction, and one-third is due to the crystalline lens [7, 44, 

45]. The crystalline lens plays also a critical role in the ocular system by adjusting its 

shape to focus light onto the retina. This process, known as accommodation, is essential 

for clear vision at varying distances [9, 10, 44-46]. When we look at objects up close, 

the crystalline lens becomes more convex, allowing it to focus light onto the retina. 

Conversely, when we look at objects far away, the lens becomes less convex, enabling 

us to see distant objects clearly (Fig. 5). 

 

 

Figure 5. The eye as an optical imaging system where the (a) crystalline lens is relaxed 

to view a distant object, and (b) crystalline lens accommodates (thickens) to view a 

nearby object (adapted from [47]). 
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The ability of the crystalline lens to change the shape is due to the contraction 

of the ciliary muscle located around the lens. When the ciliary muscle contracts, it 

relaxes the tension on the zonular fibres, allowing the lens to become more rounded and 

increase its refractive power. Conversely, when the ciliary muscle relaxes, it increases 

the tension on the zonular fibres, causing the lens to flatten and decrease its refractive 

power [9, 46, 48, 49]. 

In addition to its role in accommodation, the crystalline lens also plays a crucial 

role in protecting the eye from harmful UV radiation. The lens is capable of absorbing 

UV radiation, preventing it from reaching the sensitive structures of the eye, such as the 

retina [50-54]. 

The ciliary body also produces aqueous humour, which keeps the lens healthy 

and functioning. Aqueous humour is the clear fluid located between the cornea and the 

lens that flows through the eye and then drains from the eye through the trabecular 

meshwork [55, 56]. The lens relies on aqueous humour for energy and cleansing rather 

than nerves or blood flow [50, 57, 58]. 

However, a correct vision process is not only dependent on the refractive 

properties of the ocular tissues (cornea and lens) and ocular media but also linked to the 

transparency of all elements in the optical path. The high concentrations of water-

soluble proteins, called crystallins, in the fibre cells, are responsible for providing 

transparency to the lens. The crystalline lens transparency and gradient of refraction 

depend on its complex architecture and cellular functioning, which changes throughout 

age [15, 17, 59].  

1.4.1 Development of the crystalline lens 

The crystalline lens perpetually grows throughout life. The eye develops in early 

pregnancy after approximately 28 days of conception; however, the human crystalline 

lens develops at the sixth week of gestation. At the early stage of lens development 

(Fig. 6), the area of the surface ectoderm around the optic stalk thickens to form the lens 

placode. The lens placode sinks to form the first lenticular structure, a lens vesicle that 

is composed of epithelial cells. On the 33rd day of gestation, the lens vesicle separates 
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from the surface ectoderm. The lens vesicle is covered with basal lamina and comprises 

single-layer cells. The posterior epithelial cells elongate to form primary lens fibre cells. 

The primary cells keep attached to the posterior basal lamina and grow towards the 

anterior lens epithelium. The primary lens fibre cells form the central nucleus between 

the seventh and eighth week after gestation.  

 

 

Figure 6. Formation of the crystalline lens from gestation till birth (adapted from [61, 

62]. 

 

After birth, the epithelial cells at the lens equator continue to form secondary 

lens fibres [10, 50, 58, 61]. The secondary lens fibres are formed from the extensively 

elongated and differentiated anterior epithelial cells at the lens equator. The first 

secondary fibres form an enclosed layer and meet at the poles to form Y-shaped sutures. 

The elongated secondary fibre cells create new lenticular layers throughout life near the 

lens surface, while the older layers are pushed towards the central nucleus [13, 28, 42]. 

The highly ordered lens fibres are transformed into co-axial refractive surfaces 

responsible for the crystalline lens transparency. As the lens grows, the lens fibres 

elongate till they interface with each other from adjacent hemispheres at the anterior 

and posterior poles of each concentric layer to form the sutures [12-14, 43]. 

1.4.2 Crystalline lens metabolism 

When the crystalline lens structural properties are established at the embryonic 

stage, a unique internal microcirculation channel is established without blood flow 
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responsible for nurturing the lens. The microcirculation channel provides nutrients to 

cells and removes metabolic waste. It also controls the ionic homeostasis of deeper lens 

cells. Therefore, the transparency of the crystalline lens is maintained by eliminating 

the potential sources of light scattering [59, 63, 64]. The internal microcirculation 

system utilises ionic and fluid fluxes to deliver nutrients and remove metabolic wastes 

via extracellular spaces to deeper lens fibre cells (Fig. 7). 

 

 

Figure 7. Nutrition microcirculation of the crystalline lens and arrows point to the 

direction of circulation of ions (adapted from [65-67]).  

 

The diffusion of water, ions, and nutrients is facilitated at both poles of the lens. 

At the poles, sutures are an integral part of the microcirculation system that is 

paramount for lens development and growth. The water, ions and nutrients enter the 

lens poles via sutures and reach uniformly to deeper nucleus fibre cells moving through 

suture-associated extracellular space. The fluid exits through membrane and gap 

junction channels at the equator while collecting metabolic waste from cells on the way 

out. It is hypothesised that the lens microcirculation is generated by circulating ion flux 

due to the lower ion density pump at the poles compared to the high density at the 

equator [65-67].  



13 
 

The microcirculation results from not only an electrochemical gradient but also 

a hydrostatic pressure gradient between the lens periphery and centre. This hydrostatic 

pressure gradient is 0 mmHg at the periphery and 335 mmHg at the centre and is 

assumed to be responsible for driving the fluid from the nucleus towards the periphery 

of the lens [68]. Thus, the lenticular sutures play an important role in providing the 

pathways for the nutrients to flow from poles to deep fibre cells in the nucleus and help 

maintain the ionic and fluid flux for keeping an open microcirculation channel. 

1.5 Age-related diseases in the eye and crystalline lens  

With age, the eye undergoes changes that can affect its function. For example, 

the cornea may become thicker [3, 15, 69, 70], and the retina may become thinner and 

less able to detect light [71, 72]. The age-related changes lead to eye diseases that 

degrade the optical and vision quality of the eye and its elements including the 

crystalline lens. 

Glaucoma is a disease that is characterized by progressive damage to the optic 

nerve and loss of visual function. The most common form of glaucoma, called primary 

open-angle glaucoma, is associated with increased intraocular pressure (IOP) [73-76]. 

The increased IOP damages the optic nerve, which is caused by compression of the 

blood vessels, leading to reduced blood flow and oxidative stress. Age-related changes 

in the trabecular meshwork, a structure in the eye that regulates the outflow of aqueous 

humour, may reduce its ability to regulate IOP, contributing to the development of 

glaucoma [73-76]. 

Age-related macular degeneration (AMD), on the other hand, is a condition that 

affects the macula, the part of the retina responsible for sharp, central vision. In AMD, 

the macula becomes damaged, leading to a loss of central vision. The exact cause of 

AMD involves a combination of genetic, environmental, and lifestyle factors. Age-

related changes in the retinal pigment epithelium (RPE), a layer of cells that nourishes 

the photoreceptor cells in the retina, can contribute to the development of AMD [4, 71, 

77]. As the RPE cells age, they become less efficient at clearing waste products, leading 

to the accumulation of toxic materials that can damage the macula. 
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With age, the lens fails to maintain the highly ordered arrangement of the 

lenticular fibres at the periphery and exposure to light throughout life, more profound 

lens fibres (older lens fibres) go through protein oxidation, thus, leading to the 

degradation of the fibre cells, causing an overall loss of transparency of the crystalline 

lens. These complex age-related biochemical changes the lens goes through, cause 

molecular structural changes in the lens fibre arrangement leading to changes in 

transparency and morphology [24, 45, 78, 79]. The lens starts to become less transparent 

and stiffer. The crystalline lens becomes inelastic leading to presbyopia. Age-related 

changes in the lens, such as thickening and development of opacifications, can reduce 

the transmission of light through the eye and increase scatter. These opacifications can 

also reduce the amount of light that reaches the macula, leading to reduced visual 

function. The presence of opacifications is clinically known as cataract. 

1.5.1 Cataract 

Cataract is a common eye condition that affects millions of people worldwide. 

It is characterized by clouding of the lens of the eye, which can cause blurry vision, 

glare, and difficulty seeing in low light conditions. The development of cataracts is the 

leading cause of the degradation of vision. Heredity and senile cataracts are the leading 

cause of blindness worldwide [80].  

 

Causes of cataract 

Cataracts occur when the proteins in the lens of the eye clump together, forming 

cloudy areas that can block or scatter light as it enters the eye [18]. The cause of 

cataracts is believed to be a combination of genetic and environmental factors. Risk 

factors for developing cataracts include [80]: 

 Age: Cataracts are primarily caused by ageing, as the proteins in the eye's lens 

mutate over time. These changes result in a reduction in flexibility, transparency, 

and ability to transmit light effectively. Typically, age-related cataracts progress 

slowly over several years and can impact either one or both eyes. While they can 

occur at any age, they are more prevalent in individuals over 60 years old [81]. 
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 Genetics: Several genetic mutations can cause cataracts. These mutations can affect 

the genes that are responsible for the production and maintenance of the proteins 

that make up the lens of the eye. Some of the most common mutations associated 

with cataracts include [82]: 

Mutations in the crystallin genes: Crystallin proteins are the most abundant proteins 

in the lens, and mutations in the genes that produce these proteins can cause 

cataracts. Several different types of mutations have been identified in the crystallin 

genes, including missense mutations, nonsense mutations, and frameshift mutations. 

Mutations in the gap junction protein alpha 3 (GJA3) and gap junction protein 

alpha 8 (GJA8) genes: Gap junctions are structures that allow cells in the lens to 

communicate with each other, and mutations in the genes that produce the gap 

junction proteins can disrupt this communication and cause cataracts. 

Mutations in the beaded filament structural protein 2 (BFSP2) gene: BFSP2 is a 

protein that helps maintain the structure of the lens, and mutations in this gene can 

cause cataracts. 

Mutations in the heat shock transcription factor 4 (HSF4) gene: HSF4 is a protein 

that helps regulate the expression of genes involved in lens development, and 

mutations in this gene can disrupt this regulation and cause cataracts. 

In addition to these genetic mutations, there are also several genetic syndromes are 

cataracts, including Down syndrome, Marfan syndrome, and galactosemia [83, 84]. 

 Diabetes: Cataracts are frequently caused by diabetes, especially in those who have 

had the condition for a long period or have poorly controlled blood sugar levels. 

One mechanism by which diabetes leads to cataracts is through glycation, whereby 

glucose molecules attach to proteins in the eye's lens, causing cloudiness over time 

[85]. Additionally, diabetes can cause cataracts via oxidative stress, as high glucose 

levels can increase the production of reactive oxygen species, leading to lens 

damage. Factors such as high blood pressure and cholesterol, which are linked to 

diabetes, can also contribute to cataract development [86, 87]. To prevent cataracts, 

individuals with diabetes need to work closely with their healthcare providers to 

manage their blood sugar levels and diabetes control.  
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 Smoking: Cataracts can be a consequence of long-term exposure to cigarette 

smoke. Evidence suggests that beyond the already-known risks, like diabetes and 

hypertension, tobacco smoke has other damaging effects on health, too. It is 

believed this damage is caused by oxidative stress caused by toxic chemicals in the 

smoke [88]. Studies reveal that smokers have an increased risk of developing 

cataracts when compared to non-smokers; furthermore, those who began using 

tobacco products at a younger age are even more vulnerable [89-91]. Although the 

exact mechanism behind this relationship is not fully known, it is clear that 

cigarettes can increase the likelihood of cataract development. 

 UV radiation: The risk of developing cataracts is associated with being exposed to 

ultraviolet (UV) radiation. UVA and UVB are two distinct forms of this radiation, 

each impacting the eye differently; UVA has a longer wavelength, which penetrates 

more deeply into the eye than UVB. However, both can lead to oxidative stress [92] 

in the lens – a process whereby free radicals damage proteins and cause clumps or 

deposits that cloud and opaque the lens, thus impairing vision [93]. Long-term 

exposure to ultraviolet radiation can be significantly impacted by location, altitude, 

and time of day. To reduce the chance of suffering from a radiation-induced cataract, 

reduction of eye exposure through protective eyewear and conscious avoidance of 

peak hours of sunlight is advised [94, 95]. Along with these precautions, dietary 

supplements like vitamins C and E can boost antioxidant levels and offer further 

protection against damaging effects on the lens [96]. 

 

Symptoms of cataract 

The symptoms of cataracts can vary depending on the type and severity of the 

condition. Common symptoms of cataracts include: 

 blurry or cloudy vision, 

 difficulty seeing at night or in low-light conditions, 

 sensitivity to glare, 

 seeing halos around lights, 

 fading or yellowing of colours, 

 double vision, 
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 frequent changes in glasses or contact lens prescription. 

The interaction of light with the cataractous opacities results in increased light 

scattering before reaching the retina. This contributes to the degradation of vision 

(Fig. 8). 

 

 

Figure 8. (a) A healthy crystalline lens and light focused at a singular point on the 

retina. (b) A cataractous crystalline lens and focused light are scattered at multiple 

points on the retina (adapted from [97, 98]). 

 

Treatment of cataract 

Cataract treatment typically involves surgery to remove the cloudy lens and 

replace it with an artificial lens, known as an intraocular lens [99, 100]. Currently, 

cataract surgery is a safe and effective procedure that is performed on an outpatient 

basis. In addition to surgery, there are also non-surgical treatments for cataracts that 

may help slow the progression of the condition. These treatments include [99-101]: 

 Prescription glasses or contact lenses: In the early stages of cataracts, prescription 

glasses or contact lenses may help improve vision. 
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 Anti-glare sunglasses: Anti-glare sunglasses can help reduce glare and improve 

vision in bright sunlight. 

 Medications: Certain eye drops and medications may help slow the progression of 

cataracts, although they cannot cure the condition. 

1.5.2 Presbyopia 

Presbyopia is an age-related vision condition that affects individuals typically 

over the age of 40. It is characterised by a progressive loss of the eye's ability to focus 

on nearby objects (Fig. 9). This causes a refractive error leading to vision impairment, 

commonly known as hyperopia. The person suffering from hyperopia can see far 

objects with better clarity than the nearby object as light reflected from nearby objects 

is focused by a presbyopic lens to the plane behind the retina [102]. 

The condition occurs due to a natural ageing process that affects the eye's ability 

to change the shape of its lens to accommodate near vision. The age-related biochemical 

changes not only lead to the creation of opacities but also decreased elasticity of the 

lens. Lens hardening is caused by decreased levels of water content and α crystallins 

with age, increasing the stiffness in the lens nucleus. Due to the stiffening of the 

lenticular nuclear fibres, the lens surfaces lose their flexibility to tune the focusing 

power [18, 104]. 

 

 

Figure 9. (a) Light focused by the healthy crystalline lens on the retina, and (b) 

presbyopic crystalline lens behind the retina [103]. 
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Symptoms of presbyopia [105] 

The symptoms of presbyopia can include: 

 blurred vision when reading or looking at objects up close, 

 eye strain or fatigue when doing close work, such as reading or using a computer, 

 headaches, especially after reading or doing close work for an extended period, 

 difficulty seeing small print, such as on menus or labels, 

 need to hold reading materials at arm's length to see them. 

 

Treatment of presbyopia 

Presbyopia, a natural part of ageing that affects most people to some degree, can 

be treated with corrective lenses such as reading glasses, bifocals, or multifocal contact 

lenses. Surgical options like monovision laser assisted in-situ keratomileusis (LASIK) 

and conductive keratoplasty are also available but may not be suitable for everyone and 

carry risks [106]. Lifestyle changes such as taking frequent breaks, using good lighting, 

and increasing the font size on electronic devices can also help manage presbyopia.  

1.6 Optical signal discontinuity zones of the lens 

The human crystalline lens is made up of layers of fibre cells, each with its 

unique optical properties. Optical signal discontinuity (OSD) zones are areas within the 

lens where the refractive index changes at the layer-to-layer interface, causing a 

discontinuity in the transmission of light. The optical imaging systems reveal a number 

of OSD zones.  

Previous studies classified the OSD zones of the crystalline lens as the 

embryonic, fetal, juvenile, adult nuclei, and cortex (Vogt nomenclature), based on the 

assumption that the nucleus is formed in various stages of life [107, 108]. The 

researchers at the University of Oxford, UK, developed a classification system known 

as the Oxford nomenclature for OSD zones. This nomenclature was designed to assess 

light scattering and facilitate the description of cataract locations within the crystalline 

lens. It was developed based on densitometric scans of Scheimpflug photographs, 
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providing a comprehensive framework for understanding and categorizing these zones 

[109]. The world health organisation (WHO) simplified cataract grading system was 

introduced to simplify the grading and classification of cataracts. As a result, the 

previous nomenclatures are no longer used [110].  

Most published studies on lens internal structure and properties have used the 

Oxford and/or the historical Vogt nomenclature. I used the Oxford nomenclature of this 

study due to its simplicity. The crystalline lens is a GRIN lens, refractive index changes 

from the centre to the periphery, and the Oxford nomenclature is used to classify the 

lens into four concentric zones (C1, C2, C3, and C4) and a central nucleus based on 

their optical and anatomical properties (Fig. 10) [10, 109]. 

 

 

Figure 10. Scheimpflug image of the eye of a 51-year-old female. Using the 

densitogram above the image, 8 different zones can be distinguished. Using the local 

maximums of the gradient of the densitogram under the picture, three different cortical 

zones (C1–C3) can be defined according to the Oxford system [9]. 
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1.6.1 Classification of OSD zones 

The lens gradient index enables it to concentrate light onto the retina directly, 

eliminating the requirement for extra optical components like a curved mirror or another 

lens. [11]. The Oxford nomenclature is used to describe the different OSD zones of the 

lens, based on their optical and anatomical properties.  

C1 is the most anterior of the OSD zones, located at the anterior pole of the lens. 

It separates the lens fibres that originate from the equator from those that originate from 

the anterior pole and is characterized by a decrease in refractive index. The C1 zone is 

composed of elongated lens fibres that are packed tightly together. C2, located just 

anterior to the equator, separates the outer cortex from the inner cortex and has a more 

gradual decrease in refractive index. This zone is composed of shorter lens fibres that 

are arranged in a more random pattern than those in the C1 zone [12]. The C3 zone is 

the thickest layer of the lens, located in the central region of the lens cortex, and 

separates the lens fibres that originate from the posterior pole from those that originate 

from the equator. The C4 zone is the innermost layer of the lens cortex and has a gradual 

decrease in refractive index. This zone is composed of shorter lens fibres that are 

arranged in a more random pattern than those in the C3 zone. The nucleus is the central 

zone of the lens and is characterized by a high refractive index, responsible for the 

majority of the lens refractive power. The refractive index of the nucleus is relatively 

constant, and it decreases gradually towards the periphery of the lens [10-12]. 

1.6.2 Impact of OSD zones on the optical quality of the lens 

The distribution and characteristics of OSD zones can vary between individuals 

and even between different regions of the same lens. In general, OSD zones are more 

common in older individuals and are associated with the development of age-related 

cataracts. The presence of OSD zones in the equatorial region of the lens has been linked 

to the formation of posterior subcapsular cataracts [109]. 

The C1 zone discontinuities are related to astigmatism and irregularities in the 

cornea [10, 11]. C2 is also responsible for the formation of a faint dark ring in retro 

illumination images of the lens and its discontinuities are associated with variations in 
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lens power and vision quality [10, 11]. The discontinuities in the C3 zone are associated 

with the formation of cataracts [10, 11] and the C4 zone is related to variations in lens 

power and vision quality [10-12]. The nucleus is associated with the formation of 

cataracts and causing presbyopia.  

The OSD zones’ thickness and transparency can be assessed using various 

imaging modalities [9, 10, 12, 111]. The scattering caused by OSD zones can reduce 

contrast sensitivity and create halos and glare, particularly in low-light conditions [7, 

15]. Therefore, the impact of OSD zones on visual function can be quantified using 

various imaging and psychophysical techniques, including contrast sensitivity testing 

and straylight measurement [15, 99].  
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Chapter 2  

Optical imaging systems 

2.1 Ophthalmic assessment using various optical imaging 

modalities 

As people age, the lenticular system of the eye undergoes changes that can lead 

to decreased transparency and elasticity. These changes can ultimately lead to the 

development of various eye disorders. To monitor the progression of these diseases, a 

variety of imaging techniques are used. These techniques involve measuring the eye's 

morphology [112, 113] and the axial distances among its optical components [114, 

115]. Moreover, they assess the transparency and aberrations of optical wavefronts 

reflected from the retina and conduct psychophysical evaluations to determine the eye's 

visual quality [116-120]. 

Magnetic resonance imaging (MRI) and ultrasonography are both non-invasive 

imaging modalities used in ophthalmology. MRI uses a directional magnetic field, 

electromagnetic waves perpendicular to magnetic field, and records free-induction 

decay resonance signal to generate detailed images of the eye's internal structures, while 

ultrasonography creates ocular cross-sectional images using high-frequency sound 

waves. MRI has been used to obtain detailed images of the whole eye, including the 

crystalline lens, to evaluate its position and morphology in-vivo [120, 121]. 

Ultrasonography has been utilized clinically to diagnose and monitor various eye 

conditions such as cataracts, glaucoma, and retinal detachment, as well as in research 

to study the structure and function of the eye [57, 122, 123]. However, although MRI 

and ultrasound provide a long imaging depth range, they are limited by their lack of 

sensitivity and poor resolution. High-frequency ultrasound can improve the resolution 

but high frequencies suffer higher attenuation, thus limiting the penetration depth. 
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Optical imaging modalities offer high-resolution imaging capabilities, such as 

Scheimpflug photography which captures multiple cross-sectional images of the eye at 

different angles by rotating the camera and tilting the lens around the eye's optical axis. 

The concept of the camera relies on the idea of extending the depth of focus in the 

photography. This modality enables measurements of various parameters of the lens 

and can diagnose and monitor a wide range of eye conditions [5, 9, 57, 125-128].  

Confocal laser scanning microscopy (CLSM) generates three-dimensional (3-D) 

images of internal structures using a laser beam, allowing for high-resolution imaging 

of the lens internal structures, such as the lenticular OSD zones, fibres, and epithelial 

cells [128]. Multiphoton microscopy generates high-resolution images of internal 

structures by exciting fluorescent molecules (like crystallins) in the lens using a high-

intensity laser beam, providing detailed visualization of lens fibres and optical 

sectioning of the lens. Both these techniques have shallow imaging depth ranges [128] 

and are limited to in-vitro studies.  

The Purkinje image-based system is another ophthalmic diagnostic tool that 

obtains four Purkinje images by reflecting and refracting light from intraocular 

structures. The images are analysed to determine the lens shape, size, and position 

[129]. 

While Scheimpflug photography offers higher resolution, it lacks sensitivity. On 

the other hand, CLSM, multiphoton microscopy, and the Purkinje image-based system 

provide very high-resolution images, but with shallow imaging depth ranges. 

The laser and electronics industries have recently made significant progress, 

resulting in the creation of optical imaging systems like optical coherence tomography 

(OCT), which can produce detailed, sensitive cross-sectional images of both the anterior 

and posterior segments of the eye [7, 14, 111, 114, 130-133]. In addition, other systems 

such as the double-pass technique-based optical quality analysis system (OQAS) [117-

119] and adaptive optics visual simulator (VAO) [115, 134] can assess the eye's optical 

and vision quality. 

This chapter provides a concise overview of the imaging tools employed in my 

research to examine the crystalline lens, as well as to evaluate both the optical and vision 
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quality of the eye. These imaging tools comprise a swept-source OCT, VAO, and a 

double-pass configuration-based OQAS.   

2.2 Optical coherence tomography 

OCT is an imaging modality that provides high-resolution cross-sectional 

images with a resolution of a few micrometres (1–20 μm), which is about ten times finer 

than high-frequency ultrasound. Unlike other imaging modalities, the resolution of 

OCT is not inversely related to imaging depth. Instead, a higher resolution requires a 

broader optical bandwidth of illuminating beam, typically provided by a femtosecond 

laser or a superluminescent light-emitting diode. The central wavelength of the light 

source chosen for OCT is usually within the tissue imaging optical windows of 800 nm, 

1060 nm, or 1310 nm, which affects the penetration depth. 

2.2.1 Principle of operations of OCT. Generations of OCT systems 

The principle of operation of OCT is similar to that of ultrasound, it measures 

back-scattered light from the object. The measurement is accomplished using a 

technique called low-coherence interferometry. In a Michelson interferometer  

(Fig. 11a) a light beam is split into a reference and sample arm. The backscattered light 

from the sample and the reflected light beam from the reference mirror is superimposed 

at the beam splitter. The light waves from both arms produce interference fringes on the 

photodetector [135, 136]. Interference can be seen over a wide range of path-length 

differences between the two arms for a monochromatic light source, but with the use of 

a low-coherence broadband source, the interference modulation only appears when the 

path-length mismatch is not longer than the coherence length. 

OCT can be classified into two categories depending on the detection scenarios: 

Time domain OCT and Fourier domain OCT. In Time-domain OCT (TD-OCT), a 

scanning mirror is used to scan the beam across the sample, and at each transverse 

location, the reference mirror is translated over a range of ∆z to obtain an axial scan  

(A-scan). The resulting peaks in the axial profile represent reflective surfaces, and 

sequential A-scans are acquired using a scanned optical spot to generate a two-



26 
 

dimensional (2-D) cross-sectional images (B-scans). Multiple B-scans can be acquired 

with scanning in two lateral direction, which generates a stack, or 3-D volume, or OCT 

images [135, 136].  

To overcome the limitation of the A-scan rate of TD-OCT, a novel OCT 

detection scheme without any moving mirror was proposed. The structure was similar 

to that of the TD-OCT system, but the detection principle is significantly different. The 

new OCT system was called Fourier domain OCT (FD-OCT) because the reflection 

positions of the sample were retrieved not by scanning the reference mirror but by 

Fourier transform of the interference spectrum of the superimposed reflected light from 

the two arms. FD-OCT measures all the reflected light in the wavenumber domain, 

resulting in advantages in imaging speed and signal-to-noise ratio over TD-OCT. The 

delay echo time is calculated by performing fast Fourier transform (FFT) (Fig. 11b) of 

the interference spectrum of the light.  

 

 

Figure 11. (a) A Michelson interferometer with a broadband light source. An integrated 

interference signal from each interface (P1, P2, P3 and P4) is detected at the detector. (b) 

An interferogram showing the positions of the interfaces is retrieved from the real 

function of the fast Fourier transform (FFT) of the integrated interference signal. 
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Two established ways of realizing an FD-OCT are spectral domain OCT (SD-

OCT) and swept-source OCT (SS-OCT), which differ by the optical sources, detection 

and acquisition methods of the interference spectrum. SD-OCT employs a broadband 

light source together with a spectrometer (with a diffractive grating and one-

dimensional detector array) for detection [137]. However, FD-OCT is limited by the 

number of sample points to resolve the high order interference spectrum frequencies 

and acquisition speed of the camera.  

The limitations of SD-OCT are overcome by SS-OCT that uses a frequency 

tunable laser to rapidly sweep the laser across its frequency range for each sample 

location, recording the interference at each wavelength individually by a single photo-

diode [135, 137-139]. Both FD-OCT methods result in data sets that represent the 

intensity distribution as a function of wavelength, which are further processed to create 

depth profiles of tissue reflectivity. In SS-OCT, a wavelength sweep period results in 

frequency modulated interference spectrum according to the optical path differences 

between the reference arm and the interfaces of the sample [140, 141].  

SS-OCT has been the most promising because of several advantages over SD-

OCT. Firstly, SS-OCT has higher sensitivity because it adopts a single point 

photodetector which shows higher sensitivity than the detector unit (pixel) of CCD or 

CMOS line array used in SD-OCT. Secondly, the difference of the distances from the 

units of line arrayed CCD to the incident point of diffractive grating inevitably leads to 

serious field curvature phenomenon and dispersion, which introduces unavoidable 

crosstalk to the multichannel spectrometer [135, 138, 139, 141-143]. Therefore, it will 

limit the spectral resolution and the contrast ratio of the retrieved interference fringe, 

which impact signal drop with depth. The corresponding spectral resolution can be 

greatly enhanced in SS-OCT because of the narrow instantaneous linewidth of swept 

source and the high-speed photodetector, which consequently improves the axial 

imaging range and signal drop. The advancements in the optoelectronics industry have 

led to the availability of low cost high speed single point photodetectors with >10 GHz 

bandwidth that are available in all wavelengths of 400-1700 nm. The A-scan rate of SS-

OCT depends only on the sweep rate of the swept source, which can be as high as 

hundreds of megahertz and much higher than the A-scan rate of TD-OCT and SD-OCT.  
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2.2.2 Key parameters of the SS-OCT system 

Several parameters play a crucial role in determining the performance of the 

OCT system. The lateral and axial resolution determine the level of details visualized 

in OCT image. The sensitivity determines the minimum signal back-scattered in the 

sample that can be detected. The A-scan rate or imaging speed shows how fast the OCT 

could capture axial line data. These parameters are critical in the evaluation and 

comparison of the OCT imaging system. The selection between SS-OCT and SD-OCT 

is made based on applications with the selection of appropriate wavelength and light 

source, the choice of scanning speed and density, the use of effective signal processing 

techniques, and the selection of the appropriate imaging protocol [135, 138, 139, 141-

143]. Other factors that may impact OCT performance include the quality and stability 

of the instrument, as well as the experience and expertise of the operator 

For our study, we selected SS-OCT because of its advantage of the long imaging 

range. In SS-OCT, most of the key parameters are determined by the performance of 

the swept source. Here we briefly discuss the impact and limitations of the parameters. 

 

Wavelength swept-source laser 

In SS-OCT, a tunable light source sweeps the wavelength over time. Therefore, 

in practice the sample is illuminated with the light of different wavelengths during the 

sweep. Some key technical specifications of wavelength-swept sources include: 

• Output power - determines signal-to-noise ratio (SNR), but is limited by tissue 
exposure limits/detector saturation, 

• Tuning curve - determines linearity of wavelength sweep, 

• Sweep repetition rate - determines A-scan rate and sampling density, 

• Tuning range (bandwidth) - determines axial resolution,  

• Instantaneous linewidth - determines coherence length, or signal roll-off (fringe 
visibility) with depth, and 

• Relative Intensity Noise (RIN) - affects SNR and the presence of image artefacts. 
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Figure 12. Schematic diagram of a conventional wavelength swept laser. 

 

Figure 12 shows a scheme of a wavelength swept laser which consists of a 

resonator including a gain medium and a fast tunable optical bandpass filter which is 

dynamically tuned to set the lasing wavelength [144] (centered around 850 nm, 1060 

nm, 1300 nm). The sweep range of the wavelength swept laser is determined jointly by 

the tuning range of the bandpass filter and the gain profile of the gain medium. In 

operation, normally multiple cavity modes over the gain loss balance threshold will be 

excited and circulate in the laser cavity. 

When the filter wavelength is tuned, the lasing modes which are moved out of 

the passband will be attenuated soon and new laser modes in the new passband will start 

to grow. However, the new laser signal is grown from amplified spontaneous emission, 

which will take hundreds of round trips to reach a stable lasing state.  

The wavelength swept-source laser, specifically the one used in this project, 

incorporates a semiconductor laser and a short cavity MEMS (Micro-Electro-

Mechanical System) based Fabry-Perot tunable filter [145]. A semiconductor optical 

amplifier generates light at a specific frequency within the laser cavity, where it 

undergoes reflection and amplification. The integrated MEMS Fabry-Perot filter 

comprises adjustable mirrors that modify their position through MEMS technology. 
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This alteration changes the resonant frequency of the filter cavity, enabling the 

transmission of various wavelengths. Precise control of the mirror separation via an 

actuator facilitates the tunability of this laser. Consequently, a continuous range of 

emitted wavelengths is achieved, which is highly beneficial for OCT imaging 

applications. 

 

Resolution and depth of field 

In OCT, axial resolution (∆z) and lateral resolution (∆x) are decoupled, i.e. the 

axial resolution depends only on the coherence length of the light source whereas lateral 

resolution depends on how tightly the beam is focused. The temporal coherence length 

of a broad-band light source of the OCT system is very short of the order of a few 

microns (>2 µm) because coherence length is inversely proportional to the spectral 

width (∆𝜆) of the light source and directly proportional to the source’s central 

wavelength (𝜆) squared [135].  

                                               ∆z =  
2ln2

nπ
 
λଶ

∆λ
,                                             (2.1) 

where n is the refractive index. Like in microscopy, objective lens numerical aperture 

(NA) defines lateral resolution and the depth of field. Using Gaussian beam optics, the 

lateral resolution (∆x) and depth of field (b) can be expressed as [135]: 

                                                 ∆x =  
4λ

π
 
f

d
,                                                (2.2) 

                                               b = 2zୖ =  
π∆xଶ

λ
,                                      (2.3) 

where 𝜆 is the central wavelength of the light source, f is the focal length of the objective 

lens, d is the beam diameter incident on the objective lens, and 𝑧ோ is the Rayleigh range.  
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Imaging range 

Depending on the applications of OCT systems, b can be matched with the 

imaging range by changing the objective lens from low NA to high NA. Our application 

uses a low NA objective lens so that b >∆𝑧.  

The imaging range (Zmax) in the Fourier domain OCT system is defined by the 

sampling wavelength interval (𝛿𝜆) and is expressed as [130, 135]: 

                                            𝑍௫ =  
λ

ଶ

4nδλ
,                                                  (2.4) 

where 𝛿𝜆 =  ∆𝜆 𝑁௦⁄ , 𝑁௦ is the sample range within the full width at half maximum of 

the laser spectrum. In SS-OCT, the imaging range is dependent on the duty cycle (DC) 

of the sweep (the fraction of the sweep used for imaging). Therefore, Eq. 2.4 can be 

rewritten as: 

                                            𝑍௫ =  
λ

ଶ 𝐷𝐶

4nδλ
,                                                  (2.5) 

 

Sensitivity 

OCT is a sensitive imaging technique for weakly scattering objects, including 

micron-scale biological structures, even when obscured by thick, opaque layers. 

Assessing an OCT system's sensitivity is crucial to establish its minimum detectable 

reflectivity and comparing its performance. Sensitivity also highlights the trade-off 

between image quality and key system parameters such as illumination power and 

acquisition speed [135, 146]. Sensitivity is directly proportional to the illumination 

power (limited by saturation threshold of the detectors) and inversely proportional to 

the acquisition speed. 

Sensitivity is defined as the minimum sample reflectivity required to achieve 

signal-to-noise ratio SNR = 1. SNR of the OCT system is calculated using intensity 

images by [135]: 

                                        𝑆𝑁𝑅 =  ቆ
𝐼

𝜎
ቇ

ଶ

,                                                        (2.6) 
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which in logarithmic scale (dB) is expressed as 

                                        𝑆𝑁𝑅 (𝑑𝐵) = 20 𝑙𝑜𝑔 ቆ
𝐼

𝜎
ቇ,                                   (2.7) 

where I is the peak image intensity from the sample’s OCT image, and 𝜎 is the 

standard deviation of the image background intensity (i.e. where a sample is not 

present). Squaring the signal and noise terms is needed to convert OCT image intensity 

values, proportional to the amplitude of the interference fringes resulting from the cross-

correlation of sample and reference fields, to power values. 

 

Imaging speed 

SS-OCT avoids the mechanically moving reference arm in TD-OCT (at kHz 

level) and overcomes the fundamental speed limitation of spectrometers such as CCD 

or CMOS in SD-OCT (at a hundred kHz level). SS-OCT has demonstrated the fastest 

A-scan rate ever reported at tens of megahertz by adopting high-speed swept sources 

and a balanced photodetector with GHz bandwidth to acquire time-resolved 

interference signal [140-142, 144, 147, 148]. The A-scan rate of the SS-OCT is solely 

determined by the sweep rate of the swept source, which has great potential for 

applications of the volumetric imaging and assessment of ultrafast motions.  

2.2.3 Characteristics of the swept-source OCT system used for the study 

The OCT system used in the project employed a customized wavelength tunable 

swept source of 1050 nm, sweep rate 50 kHz, and 110 nm bandwidth (duty cycle 60%; 

Axsun Technologies Inc., USA). The detection and acquisition subsystem consisted of 

a dual-balanced photodetector (PDB-480-C, Thorlabs Inc., USA) and a data acquisition 

(DAQ) card of 0.8 GS/s bandwidth (National Instruments, USA) [132]. The sample is 

imaged using bi-directional galvo-scanners and is driven using voltage signals 

generated via a DAQ card (Fig. 13) [14, 114, 131, 133]. 
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Figure 13. Swept-source OCT system schematics.  

 

 

Figure 14. Axial resolution (∆z), lateral resolution (∆x), and depth of field (b). 

 

The OCT imaging was performed with the SS-OCT instrument enabling whole 

anterior segment visualisation [131, 149]. The imaging depth range of the system was 

22.2 mm in air. The obtained sensitivity was 103 dB. The axial resolution, lateral 
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resolution, and depth of focus were 8 µm, 43 µm, and 5.55 mm in air, respectively (Fig. 

14). The power incident on the cornea (1.9 mW) did not exceed American National 

Standards Institute (ANSI) standards. The field programmable gate array (FPGA) 

module of the acquisition card enabled the preview mode in real time.  

2.2.4 Image acquisition and synchronization 

The OCT system incorporates multiple electronic devices; light source, two-

dimensional galvo-scanners (for three-dimensional imaging), and data acquisition cards 

that are synchronised to produce desired OCT images. The laser trigger signal is used 

to synchronise these devices, where the data acquisition period and galvo-mirror 

scanning frequency are adjusted according to the wavelength sweep rate of the laser 

(Fig. 15) [135]. 

 

 

Figure 15. Synchronisation of galvo scanners with the data acquisition in three-

dimensional raster scan protocol. 
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2.2.5 OCT signal processing 

Depending on the method of acquiring the interference signal, the detection 

system, including electronics as well as digitization and acquisition of the interference 

signal must avoid degradation of axial OCT resolution. Hence, the trans-impedance 

amplifier used in the time domain and tunable laser-driven SS-OCT systems, and in 

particular the electronic bandpass filtering, must be designed properly and adapted to 

the ultra-broad optical bandwidth. The electronic bandwidth of the bandpass filter must 

not be too narrow to avoid reduction of the axial resolution, but must also not be too 

broad to avoid reduction of the sensitivity by introducing noise [130, 135, 142]. Real-

time adaptive filtering can help to optimize sensitivity and maintain axial resolution.  

 

 

Figure 16. Flow chart for swept-source OCT signal processing. Raw data acquired is 

when non-linearly k-sampled, then the data undergoes resampling and interpolation 

process to get linearly k-sampled, and when data is acquired with k-clock, then it is 

directly interpolated in linearized k-spaced. The numerical dispersion compensation 

algorithm is used to get the correct point spread function. After taking FFT, complex 

data is generated that can be used to generate 2D/3D intensity and/or phase images 

(depending on the application).    

  

The OCT signal must be correctly temporally digitized with at least 5–10 times 

oversampling with respect to the central wavelength, Doppler shift, as well as scanning 

speed in order to not degrade the achieved axial resolution. With tunable lasers, the 
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linearity of the scan has to be adjusted or alternatively, the k-trigger can be used to 

generate a scan discretely sampled linearly in k-space [135, 139, 142]. 

The interferometric signal obtained from digitisation is subjected to digital 

signal processing to produce tomographic images. Figure 16 illustrates the typical steps 

involved in SS-OCT signal processing. The interference spectrum is initially captured 

in λ-space, followed by an interpolation to linearised k-space (if k-clock is not used in 

hardware). However, the axial resolution can deteriorate in the presence of higher-order 

dispersion caused by backscattering from a heterogeneous medium. To address this, 

dispersion compensation algorithms (as described later) are applied during post-

processing to improve the axial resolution. Finally, a fast Fourier transform is utilized 

to convert the acquired spectrograph into a tomogram and generate the OCT images. 

[135, 139, 142, 150-152].  

 

Raw data 

The raw OCT interference signal at a single photo diode can be represented as 

[136]: 

     iୢୣ୲(t) =  
ηq

hν
൬P୰  +  Pୱ +  2ඥP୰Pୱ  න r(z)Γ(z) cos൫2k(t)z + ϕ(z)൯ dz൰,     (2.8) 

where 𝜂 is the detector sensitivity, q the quantum of electric charge (1.6 × 10ିଵଽ C), 

ℎ𝜈 the single photon energy, 𝑃  is half of the optical power reflected from the reference 

arm at the photodetector, and 𝑃௦ is half of the optical power illuminating the sample. 

Here, z is the axial coordinate corresponding to the interferometer's optical path 

difference between the sample and reference arm. 𝑟(𝑧) and 𝜙(𝑧) amplitude and phase 

of the sample arm signal, Γ(𝑧) is the coherence function of the laser output, and k(t) is 

wavenumber varying dynamically monotonously at the time at which laser output 

wavelength is tuned. 

The dual-balanced detection of the interference signal comprises noise signals 

that originate from various sources; quantization noise and excess electrical noise 

generated in the digital acquisition (DAQ) board, thermal noise of the dual-balanced 

receiver, and relative intensity noise (RIN) of the swept-source. The common-mode 
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rejection ratio (CMRR) describes the ability of the balanced detector to reject common-

mode signals (signals that appear in-phase and simultaneously at both inputs). Thus, 

dual-balanced detection in swept-source OCT eliminates any DC signal (P୰ + Pୱ) from 

the interferometer and amplifies the AC signal. Hence, the RIN is suppressed due to 

balanced detection. The noise signal in the OCT system is responsible for degrading 

SNR and resolution. In SS-OCT, the interference signal integrated with noise signals 

from all sources can be expressed as [135]: 

          i୬(t) =  ቆ
i୯୬

Gଶ
+

iୣ୶

Gଶ
+  i୲୦ +  ට2

η

hν
q (P୰ +  Pୱ)

+  
ηq

hν
 √RIN ቊ ටζ൫P୰

ଶ + Pୱ
ଶ൯ +   ඥ2P୰Pୱቋቇ BW,        (2.9) 

where BW is detection bandwidth. The first two terms are introduced as the quantization 

noise and excess electrical noise generated in the digital acquisition (DAQ) board. G 

denotes the total gain of the receiver. The third term is the thermal noise of the dual-

balanced receiver. The fourth term represents the total shot noise which is the sum of 

the shot noise from the individual photodiodes. The fifth term expresses the RIN of the 

swept-source with ζ denoting the common-mode rejection efficiency of the balanced 

receiver.  In addition to RIN reduction (compared to spectral domain OCT), the 

balanced detection provides multiple benefits; it suppresses self-interference noise 

[139] originating from multiple reflections within the sample and optical components; 

it also improves the dynamic range and reduces fixed-pattern noise by greatly reducing 

the strong background signal from the reference light. 

 

K-space linearisation 

The wavelength tuning in the swept laser sources cause the wavenumber to be 

swept nonlinearly and to vary within subsequent sweeps which are referred to as intra 

and inter-sweep variability, respectively. Fourier transformation on the non-linearly 

sampled OCT data will lead to the deterioration of the axial resolution and sensitivity. 

Therefore, the acquired OCT signal must be resampled into the uniform k-space 

intervals prior to Fourier transformation. Moreover, a real-time calibration is required 

to correct the inter-sweep variability. One way is resampling the raw OCT fringes using 
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linearized phase difference at the two peak positions (close to autocorrelation peak and 

middle of the imaging range) of a mirror in sample arm that was manually moved along 

the OCT imaging range and then interpolating the OCT fringes to phase difference 

sample points of size 𝑁௦ to get linearized k-spaced fringes. The second way, in-built 

auxiliary interferometer can be used for calibration signal (k-clock) generation to 

linearize k-space (Fig. 16).  

 

Dispersion compensation 

OCT is an optical imaging modality that involves various optical elements; 

lenses, and optical fibres. The OCT light passes through different media with different 

refractive indices and the image is created upon recording interference signal from non-

homogenous biological tissues that have non-linear refractive index gradients. The light 

passing through different optical media and bio-samples suffer from high-order 

dispersion. Dispersion is a phenomenon by which the speed of the light in a medium 

depends on wavelength [31]. Due to dispersion, if the total group refractive indices of 

all media in the sample and reference arms are mismatched, the axial resolution will be 

degraded [135, 136, 142, 153].  

Temporal and spatial frequencies are interrelated in SS-OCT. By Fourier 

transforming the acquired temporal signal (interference fringes), the OCT system can 

obtain the spatial frequency content of the sample. Each temporal frequency has a 

corresponding spatial frequency in the OCT images. Because of dispersion (chromatic 

dispersion), the spatial and temporal frequencies are not necessarily proportional to 

each other, as they are in free space. The relationship between temporal and spatial 

frequency is given by the medium dispersion relation, [135, 142] known as propagation 

constant and can be specified in many ways; by refractive index as a function of 

wavelength or the spatial frequency wavenumber in the medium as a function of 

temporal frequency. Therefore, the mathematical representation of propagation 

constant 𝛽 in a medium can be given as [142, 153, 154]: 

                                                         𝛽 (𝑘) =  𝑛(𝑘)𝑘,                                                      (2.10) 
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where 𝑛(𝜆) is the refractive index dependent on wavelength 𝜆 propagating through the 

medium and 𝑛(𝑘) is the refractive index dependent on the wavenumber k (dispersion 

relation). For any medium, the propagation constant can be expanded as Taylor series 

near central wavelength 𝜆 or wavenumber 𝑘. The expanded wavenumber-dependent 

propagation constant is given as: 

                                         𝛽 (𝑘) =   𝛽 (𝑘 − 𝑘)

ஶ

ୀ

,                                    (2.11) 

                                        𝛽 =  
1

𝑚!
 
𝑑𝛽

𝑑𝑘
,                                                          (2.12) 

m =  0,1,2, …. 

where the first coefficient β0 describes the propagation constant in the medium at 𝑘, 

the second coefficient β1 represents the phase velocity of light, and the third coefficient 

β2 of the Taylor series expansion, 
ଵ

ଶ
ቀ𝑘

ௗమ

ௗమ +
ௗ

ௗ
ቁ, is described as group velocity 

dispersion and second order dispersion. OCT images that exhibit distortions, blurs, and 

a degraded point spread function can be attributed to second or higher-order dispersions, 

which are described by terms in the Taylor series expansion beyond the third term (as 

represented by Eq. 2.11) [142, 155]. 

The OCT signal can be corrected for dispersion mismatch either by inserting a 

dispersion compensation material into the reference arm to balance the dispersion of 

the sample signal or by employing dispersion compensation algorithms. Various 

dispersion compensation algorithms have been developed that estimate dispersion 

compensation phase (DCP) either numerically or from experimental data [151, 152, 

156, 157]. The numerical method is preferred over hardware modifications because; 1) 

compensation of higher than second-order dispersion requires the same material or 

elaborate combinations for balancing, and 2) it is challenging to dynamically 

compensate depth-dependent sample dispersion for inhomogeneous medium [135]. 

The dispersion can be efficiently corrected by eliminating the dispersion-

induced phase contribution from the spectral phase of the OCT signal. The estimated 

coefficients are applied to the polynomial equation and the equation is used to estimate 

DCP by: 
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                           𝜑(𝑘) = 𝛽ଶ (𝑘 − 𝑘)ଶ +  𝛽ଷ (𝑘 − 𝑘)ଷ,                                (2.13) 

where, 𝛽ଶ, and 𝛽ଷ  are coefficients of expanded wavenumber dependent propagation 

constant that represents 2nd and 3rd order dispersion. Next step, multiply the complex 

conjugate of the DCP with the recorded OCT signal in the Fourier domain to get 

dispersion compensated OCT signal expressed as: 

                                   𝐼  (𝑘) = 𝐼 (𝑘) × exp൫−𝑖𝜑(𝑘)൯,                             (2.14) 

where, 𝐼 (𝑘) is the recorded OCT signal. Ideally, if DCP can be measured for the 

imaging system, it would help in eliminating effects on dispersion mismatch and 

enhance the OCT imaging quality [142].  

 

Fourier transform and image construction 

SSOCT system constructs images by performing inverse fast Fourier transform 

of the spectral interferogram that are linearly sampled in frequency space. Logarithmic 

non- linearity is used to compress the processed data to fit the dynamic range for display 

and for brightness correction. 

2.3 Double-pass system for the analysis of the optical quality 

of the eye 

The ideal optical system maps a point source in the object space into a point of 

the image space. However, some fraction of light in the real optical system can be 

misdirected, which is often referred to as straylight. Straylight can be visualised by the 

measurement of a point spread function (PSF) in the image plane of the system with the 

aid of array detector. Straylight in the optical systems appears due to scattering at the 

edges, reflections at optical surfaces, imperfections of optical elements, dust etc.  

The straylight, caused by intraocular scattering, affects the optical quality of the 

eye and is perceived as glare in the vision [15, 98]. However, it is impossible to measure 

the PSF of the optical system of the eye in-vivo since the image plane is occupied by 

the retina. Therefore, one needs to use double-pass configuration to measure the retinal 

PSF. In a double-pass configuration, the light enters the eye and reflects off the retina 
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before passing through the eye's optical system again. This measurement concept has 

been implemented in an optical quality analysis system (OQAS). The OQAS is a non-

invasive system that employs an infrared laser and uses a double-pass configuration to 

evaluate the optical quality of an individual's eyes [116-118]. This technology offers a 

more comprehensive and accurate analysis of an individual's visual function, enabling 

more precise diagnosis and treatment. 

 

 

Figure 17. Double-pass OQAS scheme (adapted from [117]). 

 

Figure 17 shows schematics of OQAS, a collimated beam is passed through an 

aperture (A1), mimicking a point light source. The reflected point source image from 

the retina is passed from the second aperture (A2), and then imaged on a CCD camera 

(BS is a beam splitter). Therefore, the array detector acquires the image of the point 

source (PSF) of the ocular system. The magnitude of straylight is quantified as objective 

scattering index (OSI). The OSI is defined by the following formula [116]: 

                                                                𝑂𝑆𝐼 =  
𝐼ோ

𝐼
,                                                        (2.15) 

where 𝐼ோ and 𝐼 represent the integration (summation) of intensities at specific regions 

of interests (ROI) image pixels (Fig. 18).  
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In one of the proposed methods [116] for measuring OSI, the central ROI from 

the OQAS image was selected at 1 minute of arc radius, while the ROI for the periphery 

was a ring with 12 and 18-minute inner and outer arc radii, respectively. A multiplying 

factor of 0.1 limits the accessible values of OSI from 0 to a maximum of 25. OSI for 

normal eyes would range around 1, while values over 5 represent highly scattered 

systems. 

 

 

Figure 18. Selection of ROI and computing intensity radial average using double pass 

image for (a) the healthy eye, and (b) the eye with intraocular scattering [116]. 

 

The OQAS integrated with the Badal optometer can evaluate various visual 

conditions, such as myopia, hyperopia, and astigmatism, and can also assess the impact 

of different treatments, such as contact lenses or intraocular lenses, on visual function 

[117, 118, 158]. Moreover, the OQAS is not limited to diagnostic purposes and can also 

be used to investigate the effects of ageing or disease on optical quality, providing 

valuable insights into the mechanisms of visual impairment [30, 98, 117, 118]. 
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2.4 Adaptive optics visual simulator 

A visual simulator is a device that reproduces the visual experience of an 

individual, allowing ophthalmologists to test and evaluate visual function. Adaptive 

optics visual simulators (VAO, Voptica, Spain) takes this concept a step further by 

incorporating adaptive optics technology to correct for the optical aberrations of an 

individual's eyes, providing a more realistic and personalised simulation [15, 30, 101, 

159]. 

The traditional method of testing visual function involves using a chart with 

various symbols or letters of decreasing sizes. However, this method does not take into 

account the individual's unique optical aberrations, leading to inaccurate results. VAO, 

on the other hand, can measure and correct for these aberrations, providing a more 

accurate and precise assessment of an individual's visual function. 

The principal components of VAO system are a wavefront sensor and a 

deformable mirror (for dynamically correcting the optical wavefront aberrations) (Fig. 

19) [98, 119, 160]. This adaptive correction allows for the precise manipulation of the 

optical system to provide a more accurate and realistic simulation of the eye's optics. 

The VAO system is used to measure subjective refraction, visual acuity (VA), and 

contrast sensitivity of the eye [50, 58, 98]. 

2.4.1 Subjective refraction errors 

One of the major benefits of VAO is that they can simulate and measure various 

refraction errors such as spherical, and cylindrical aberrations, by adjusting the 

deformable mirror to mimic the aberrations or aberration-corrections. The subject 

provides feedback on the perceived clarity and sharpness of the stimuli, which guides 

the refinement of the optical correction. This iterative process allows for the 

determination of the optimal optical prescription for the subject, minimizing refractive 

errors [98, 159, 160]. 
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Figure 19. Schematic diagram of Adaptive optics visual simulator (adapted from 

[116]). 

 

2.4.2 Visual acuity 

The eye’s optical and vision quality is assessed using the VAO system to 

measure visual acuity. Adaptive optics is used to observe the impact on visual acuity 

when the eye is stimulated with measured and simulated aberrations. The retinal image 

quality is analysed by convolving the image (aberrated) with the PSF of the eye for 

specific pupil size, viewing angle and wavelength. The visual acuity is measured with 

standard ETDRS (Early Treatment of Diabetic Retinopathy Study) test charts and 

expressed in the logarithm of the minimal angle of resolution (logMAR) as [98]: 

VA (logMAR) =  −0.02 × (no. of letters read after last line)    

+ logMAR score of last line,                                                           (2.16)  

where the minimal angle of resolution (MAR) is 1/5th of the angular subtense of the 

letter.  
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2.4.3 Contrast sensitivity function 

The contrast sensitivity function (CSF) describes the visual system's ability to 

detect and differentiate contrast at different spatial frequencies. It shows how the 

inverse of the contrast threshold of a grating stimulus relates to its spatial frequency 

[116]. The integral of the logarithmic CSF curve gives a quantitative assessment of 

overall visual performance across various spatial frequencies, representing the 

combined contrast sensitivity throughout the entire range of frequencies tested. 

Contrast sensitivity test is performed to assess visual function. Using VAO, the 

subject sits in front of the system in a dimly lit room to minimize the impact of pupil 

constriction. The VAO system's wavefront correction settings are adjusted to correct 

the subject's refractive error. The VAO generates sinusoidal gratings as visual stimuli, 

consisting of alternating light and dark bars with specific spatial frequencies and 

contrasts. These gratings are presented at different spatial frequencies, typically 

spanning from low to high frequencies. In this study, the spatial frequencies tested were 

2, 4, 6, 8, 10, 15, 20, 25, 30, 35, 40, 45, and 50 cycles per degree, representing the 

number of light-dark cycles within one degree of visual angle. The gratings are 

displayed at varying contrast levels, ranging from low to high contrast, where contrast 

refers to the normalized difference in luminance between the light and dark bars of the 

grating (Fig. 20). 

The subject's task is to identify the gratings by indicating the specific grating 

orientation (left for 45° or right for 315°). The VAO system records the contrast 

threshold values for each spatial frequency and contrast level tested, which represents 

the minimum contrast required for the subject to detect or differentiate the grating. The 

stimuli are presented in a randomized order to minimize any bias or learning effects. 
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Figure 20. (a) Sinusoidal gratings with 100% and 50% contrast levels with a spatial 

frequency of 3 cycles/degree. (b) The sinusoidal gratings with orientations, 45ᵒ (left) 

and 135ᵒ (right), with different contrast levels, were presented to the subject in random 

order. (c) The area under logarithmic contrast sensitivity function (AULCSF) for a 17 

year old subject. 

 

The contrast sensitivity for each spatial frequency is determined by calculating 

the inverse of the contrast threshold, indicating the ability to perceive the gratings. The 

acquired data are plotted in a format of the contrast sensitivity function. Later on, the 

area under the log of CSF is measured (Fig. 20) to quantify the subject's visual 

performance. A larger value indicates better overall contrast sensitivity, implying a 

better spatial performance. Conversely, a smaller area suggests reduced contrast 

sensitivity and the possibility of visual impairments. 
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Chapter 3  

Age-related changes in the shape and 
transparency of the human crystalline lens 

3.1 Motivation and aim of the study 

The crystalline lens is a critical component of the eye that plays a significant 

role in focusing light onto the retina. Therefore, the factors that determine the 

performance of the crystalline lens in the optical system of the eye include the geometry 

and transparency of the lenticular tissue. The lens must remain clear to allow light to 

pass through it and reach the retina. This is achieved by the highly ordered arrangement 

of its uniform, irreversibly differentiated fibre cells [161-163]. Any changes in the 

transparency of the lens can lead to visual impairments such as blurry vision or halos 

around lights. The lens morphology is equally important, as it must maintain its 

biconvex shape to refract the light. The complex formation of the crystalline lens and 

ever-growing fibre cells results in continuous changes in its morphology [7, 9, 10]. 

Changes in the lens morphology can lead to visual impairments such as myopia or 

hyperopia. 

The crystalline lens transparency and morphology are influenced by a variety of 

factors, including genetics, age, and external environmental conditions such as exposure 

to UV radiation. All these factors were discussed briefly in section 1.2. In particular, 

the natural ageing processes are associated with lens growth and loss of transparency.  

Recent studies show that various imaging modalities enable the examination of 

the lens structure. Table 1 presents in-vivo measurements for analysis of the age-related 

changes (thickness) in the crystalline lens that were performed using a Scheimpflug 

camera, ultrasound, magnetic resonance imaging, and OCT. These measurements led 

to the expected conclusion of thickening of the crystalline lens and a gradual decrement 

in the radii of the curvature of the lens surfaces with age. Unlike geometrical 

parameters, previous studies with different technologies revealed linear or non-linear 
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relationships of lenticular transparency with age (Table 2). However, Scheimpflug 

imaging, ultrasound, and MRI lacks sensitivity and has poor resolution, especially 

compared to imaging modality like OCT.  

 

Table 1. Age-related changes in the lens thickness in in-vivo studies. 

Imaging 

modality 

Age range 

(years) 

Average thickness 

(mm) 

Growth rate 

(mm/year) 
Reference 

Ultrasound 18-70 Lens = 4.03 mm Lens = 0.013  [57] 

Scheimpflug 

slit lamp 
18-70 Lens = 3.98 mm Lens = 0.013  [57] 

Scheimpflug 

slit lamp 
18-70 

Lens = 3.81 mm 

Cortex = 1.88 mm 

Nucleus = 1.97 mm 

Lens = 0.014 

Cortex = 0.017 

Nucleus = − 0.003 

 [124] 

MRI 22-83 Lens = 3.86 mm Lens = 0.024  [120] 

Scheimpflug 

camera 
16-65 

Lens = 3.93 mm 

Cortex = 1.65 mm 

Nucleus = 2.23 mm 

Lens = 0.024 

Cortex = 0.02 

Nucleus = 0.003 

 [125, 164] 

MRI 18-59 Lens = 4.00 mm Lens = 0.018  [121] 

Visante OCT 35.9-49.8 Lens = 4.05 mm Lens = 0.021  [165] 

Extended 

depth OCT 
21-71 Lens = 4.09 mm Lens = 0.029  [166] 
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Table 2. Age-related changes in lens transparency.  

Imaging 

modality 

Age range 

(years) 

Optical density 

vs age curve 
Comment Ref. 

Slit-lamp 

Scheimpflug 

photography 

20-80 Linear fit 

Optical densities were 

computed for lens layers 

(capsule, cortex, and nucleus) 

based on the densitograms. 

 [127]  

Slit-lamp 

Scheimpflug 

photography 

18-70 
Exponential fit 

and bilinear fit 

Optical densities were 

normalized based on the lens 

densitograms. The paper 

includes plots for only the C3 

layer and the whole lens. 

 [124]  

Scheimpflug 

camera 
25-80 Linear fit 

Both peak and average optical 

densities showed a high 

correlation and increased with 

age. Plots showed only the 

lens and nucleus. 

 [5]   

C-Quant 20-85 Exponential fit 

Stray light passed through the 

eye was evaluated. Scattering 

increased with age 

exponentially. Plots showed 

only lens 

 [167]  

Purkinje 

image-based 

system 

22-67 Exponential fit 

Optical densities computed 

were normalized to generate 

an optical density index that 

increased exponentially with 

age. 

 [129]  

SS-OCT 3-69 
Linear and 

bilinear fit 

8 regression models were 

used, but plots show two types 

of fits. Optical density was 

normalized and all regression 

models agreed with optical 

density increases with age 

 [168]  
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In this chapter, we investigated the age-related changes in the morphometry and 

transparency (optical density) of the crystalline lens in-vivo using volumetric SS-OCT. 

We also associated the parameters describing the shape and optical density of the lenses 

with the optical quality of the eye and with visual function. 

3.2 Data acquisition 

This cross-sectional study was accomplished by recruiting 50 participants (with 

ages ranging from 9 years to 78 years) to the Laboratory of Optics at the University of 

Murcia. The study adhered to the tenets of the Declaration of Helsinki. The volunteers 

were informed about the nature of the study, and written consent was obtained from 

each participant and in the case of children parental consent was also obtained. The 

Institutional Review Boards at Nicolaus Copernicus University and the University of 

Murcia approved the study. Standard ophthalmic examination was conducted for all 

individuals, and participants with previous ocular surgery were excluded from the 

study. All eyes were imaged in an unaccommodated state and with no pupil dilation. 3-

D volumetric data (300 A-scans × 300 B-scans) were acquired by raster scanning of the 

central area of 8 × 8 mm2 of the eye. We rejected data from one volunteer in this study 

because of the low quality of the acquired OCT images (noise beyond correction and 

motion artefacts). One randomly selected eye from each volunteer was taken for 

statistical analysis (49 eyes in total) to avoid correlations between fellow eyes. 

A double-pass technique-based optical quality analysis system (OQAS, HD 

Analyser II, Visiometrics SL, Terrassa, Spain) was used to evaluate the optical quality 

of the eye objectively and to determine OSI (compare section 2.3). The visual function 

was assessed with an adaptive optics visual simulator (VAO; Voptica SL, Murcia, 

Spain). In this study, VAO measured VA of the eye and performed a contrast sensitivity 

test so that the area under the log contrast sensitivity function (AULCSF) could be 

determined (compare section 2.4). 
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3.3 Data post-processing and statistical analysis 

3.3.1 Motion artefacts correction 

Volumetric data sets from in-vivo imaging often suffer from motion artefacts, 

which is a consequence of involuntary eye mobility during the scanning procedure. In 

the post-processing, motion artefacts in 3-D data sets were corrected for motion in two 

directions, transverse and axial. First, the en-face projection image was generated from 

volumetric data and binarised to determine the transverse motion artefacts. Therefore, 

for each B-scan, the edges of the pupil mask could be easily obtained from a binarised 

en-face image and enabled to find a proper shift of each B-scan with respect to the 

centre of the volume. The procedure of motion artefact correction allowed us to obtain 

a circular pupil shape. Later, using two central cross-sectional images taken along slow 

and fast scan directions from the volume and blurred with a Gaussian window. The 

anterior interface of the lens was segmented in those images using a Sobel filter, and 

the ellipsoid surface was fitted. The difference between the fit and segmented anterior 

lens interface was used to correct B-scans for the axial motion of the eye. 

3.3.2 Refraction correction method with ray tracing 

A sample having an optically non-homogeneous medium can also suffer from 

other distortions due to light propagation inside the sample. First, the OCT image maps 

optical distances. Accordingly, one has to take into account the refractive index of the 

sample to be able to measure geometrical distances. Secondly, the refraction of the 

beam can change the apparent dimensions of the sample and the apparent locations of 

scatterers in the image as the beam does not need to propagate along the z-direction in 

the object with curved refractive surfaces like the anterior segment of the eye. It is then 

desirable to find the true spatial locations of scatterers inside the medium with 

knowledge of the refractive indices of the layers that comprise the medium. The 

refraction correction method can correct the distortions caused by the refractive index 

and light refraction [16, 142]. 

Optically, the eye consists of layers of optical elements and media characterized 

by different refraction indices. A light refraction correction algorithm using a ray-
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tracing approach was applied to dewarp the motion-free OCT images. It required 

segmentation of the corneal and lenticular interfaces. In particular, lens segmentation 

of OCT images was achieved by fitting the 2nd-order polynomial at the lens capsule 

(anterior and posterior) and both cortex-nucleus interfaces. Therefore, a double-shell 

model was assumed to simplify the GRIN lens in a ray-tracing refraction correction 

algorithm. Each segmented interface from the cornea to the vitreous had a refractive 

index estimated using the Cauchy equation: 

                  𝑛(𝜆) = 𝑛  + 0.0512 − 0.1455𝜆 + 0.0961𝜆ଶ,                          (3.1) 

where 𝑛(𝜆) is the refractive index of the medium at a wavelength (in μm) 𝜆, 𝑛 is the 

refractive index of the medium at 555 nm [16]. The following refractive indexes were 

taken to calculate light propagation through the air – cornea – aqueous humour – the 

anterior cortex – the nucleus – the posterior cortex – vitreous humour: 1, 1.3665, 1.3266, 

1.3749, 1.3947, 1.3749, and 1.3270. Figure 21 demonstrates how the refraction 

correction modifies the raw OCT image of the crystalline lens. 

 

 

Figure 21. (a) Original OCT B-scan of the crystalline lens of a 49-yo subject. (b) 

Refraction correction of the central B-scan. The surfaces of the anterior and posterior 

of the lens (solid yellow) and the nucleus (dashed yellow) were used to measure the 

radii of curvature (yellow arrows), and the central thickness (black double-side arrows). 

(c) Region of interest to measure the optical density of the lens, cortex, and nucleus. 
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3.3.3 OCT-based morphometry and densitometry of the crystalline lens 

The OCT images corrected for light refraction illustrated the true geometry of 

the measured lens and allowed us to determine the following morphological features of 

the crystalline lens: 

 central lens thickness, 

 central thickness of the nucleus and the cortex, 

 anterior radius of curvature of the lens, 

 posterior radius of curvature of the lens, 

 anterior and posterior radii of curvature of the nucleus (Fig. 21b). 

It has to be noted that the radii of curvature were determined within the 3.5 mm-

diameter region, which is the smallest pupil diameter in our group. 

Densitometry of the entire lens and its components was performed by calculating 

the optical density, which is defined here as the averaged back-scatter light intensity of 

the corresponding region (lens, nucleus or cortex, as shown in Fig. 21c). Accordingly, 

the signal in the OCT image was transformed from a logarithmic scale to a linear scale. 

Then, the signal was averaged within the region as stated by definition. 

3.3.4 Statistical analysis. Simple linear regression model 

In this part of the study, we used simple linear regression (SLR) model to 

perform a statistical analysis of the results. In the SLR model, two variables in a dataset 

are compared with each other, and a degree of correlation between them is measured 

against linear fit. The SLR models are commonly used to analyse and predict one 

variable’s behaviour over another. For example, if we postulate a linear relationship 

between a variable Y as an outcome and let x be the explanatory variable, the SLR 

model would be [169]: 

                              E(Y|x) =  α  +  αଵ x,                                       (3.2) 

where, 𝐸(𝑌|𝑥) the expected value of Y at a given x, 𝛼 is the intercept at x = 0, 𝛼ଵ is 

the slope (often referred to as the rate Y values change per unit of x values). The 

structural model says that for each value of x, the population mean of Y (over all of the 



54 
 

subjects with that particular value “x” for their explanatory variable) can be calculated 

using the simple linear expression in Eq. 3.2.  

Statistical analysis was done using Microsoft Office Professional plus Excel 

2013 (Microsoft Corp., Redmont, WA, USA). Spearman’s rank correlation was 

performed to investigate age-related changes in the lenticular morphology (i.e. 

thickness and radius of curvature) and the lens transparency. The statistical significance 

of Spearman’s correlation coefficient Rs was tested at the significance level α = 0.05. 

The simplified SLR model was used to show the linear relation of the measured features 

with ageing. Correlation coefficients were also generated to observe associations 

between parameters extracted from OCT, OQAS and VAO, and to investigate the 

impact of intraocular scattering on vision. 

3.4 Results 

3.4.1 Average parameters in the study group  

Table 3 shows the mean values and standard deviations of the measured 

morphological features from the refraction-corrected OCT images as well as from VAO 

and OQAS devices. The average age of subjects was 40 years, with an average lens 

thickness of 4.54 mm. The averaged radii of curvature of the anterior and posterior lens 

capsule are 10.19 mm and 5.91 mm, respectively, for the unaccommodated non-dilated 

eyes.  
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Table 3. Mean and standard deviations of the measured parameters from the 49 eyes. 

Variables Unit N Mean (SD) 
Age years 49 39.24 ± 18.80 
Subjective refraction D 49  
Sphere   (-1.0) ± 2.2 
Cylinder   (-0.6) ± 0.6 
Pupil diameter mm 49 5.8 ± 1.4 
Thickness mm 49  
Lens   4.54 ± 0.5 
Cortex   1.99 ± 0.47 
Nucleus   2.39 ± 0.27 
Radius of curvature mm 49  
Anterior lens capsule   10.19 ± 1.63 
Anterior nucleus   4.06 ± 0.37 
Posterior nucleus   3.67 ± 0.33 
Posterior lens capsule   5.91 ± 0.40 
Optical density a.u. 49  
Lens   (25.8  ± 8.5) × 103 
Cortex    (35.0 ± 6.5) × 103 
Nucleus    (14.8 ± 2.9) × 103 
Objective Scatter Index - 49 0.75 ±0.55 
Visual function  49  
AULCSF -  2.25 ± 0.20 
VA LogMAR  (-0.01) ± 0.06 

 

3.4.2 Age-related changes in the morphometry and optical density of the 

lens and its components  

Morphological and densitometric parameters of the crystalline lens derived from 

OCT data, OSI and parameters of visual function were also correlated with age. The 

results are summarised in Table 4, and selected plots are illustrated in Fig. 22. As age 

increased, the thickness of the lens and identified lens layers increased with high and 

moderate correlations (Rs = 0.34, 0.64, and 0.86 for the nucleus, cortex, and the whole 

lens, respectively; Fig. 22a). Whereas overall lens thickness grows at the rate of 

0.023 mm/year, the cortex thickens at 0.017 mm/year and the nucleus only at 

0.006 mm/year (Table 4). 
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Table 4. Correlation of measured parameters with age. 

Dependent Variables Rs P-value 
Rate of change 

(per year) 
Thickness (mm)    
Lens 0.86* <0.001 0.023 
Cortex 0.64* <0.001 0.017 
Nucleus 0.34* 0.016 0.006 
Radius of curvature (mm)    
Anterior lens capsule -0.70* <0.001 -0.053 
Anterior nucleus -0.67* <0.01 -0.013 
Posterior nucleus -0.30* 0.025 -0.006 
Posterior lens capsule 0.17 0.304 0.003 
Optical density (a.u.)    
Lens 0.76* <0.001 351 
Cortex  0.42* 0.003 552 
Nucleus  0.64* <0.001 101 
Objective Scatter Index 0.32* 0.025 0.014 
Visual function    
AULCSF -0.38* 0.007 0.0047 
VA (LogMAR) 0.37* 0.008 0.0005 

     Asterisk indicates statistically significant correlation. 

 

The radii of curvature of the anterior lens capsule and both nucleus interfaces 

declined with age (coefficients Rs = 0.70, 0.67, and 0.30, respectively), and statistical 

significance of the correlation was obtained (Fig. 22b). In particular, a substantial 

decrease in radius of curvature of the anterior lens was observed with the rate of -

53 μm/year (Table 4). Although the posterior lens capsule became slightly flatter, there 

was no statistical significance of the correlation between its radius of curvature and age 

(Rs = 0.17, p = 0.304). 

The light scattering in the lens was expressed by the optical density defined as 

the average OCT back-scatter signal taken from a particular region (layer) of the 

crystalline lens. The optical density of the whole lens, the cortex and the nucleus 

increased significantly with age (with Rs = 0.76, 0.42, and 0.64, respectively; Fig. 22c). 

Vision quality degradation with age was characterised by the statistically 

significant decrease in AULCSF (Rs = -0.38, p = 0.007) and an increase in VA 
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expressed in LogMAR units (Rs = 0.37, p = 0.008) although correlations are relatively 

weak. 

 

 

Figure 22. Age dependence of measured (a) thickness of nucleus, cortex, and whole 

lens, (b) radii of curvature of the anterior and posterior lens capsules and the lens 

nucleus, and (c) optical density of the nucleus, cortex, and lens. 

 

3.4.3 Impact of age-related changes on the optical quality of the eye and 

visual function 

I also investigated how the parameters extracted from OCT correlated with the 

optical quality of the eye (measured with OQAS) and vision (measured with VAO). 
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The results are presented in Table 5. The optical density of the lens was negatively 

correlated with AULCSF (Rs = -0.35, p = 0.0126) but no correlation was found with 

VA (Rs = 0.23, p = 0.1080). Moreover, OSI correlated stronger with parameters 

describing the degradation of vision (Rs = -0.42, p = 0.0027 for AULCSF and Rs = 0.40, 

p = 0.0045 for VA). In addition, the increase in light scattering in the lens resulted in 

an increase in OSI measured for the whole eye with OQAS (Rs = 0.41, p = 0.0036). 

 

Table 5. Spearman’s correlation between the measurements from OCT, OQAS and 

VAO. 

Parameter 
Lens optical 
density (a.u.) 

OSI AULCSF 
VA 

(LogMAR) 

Lens optical 
density (a.u.) 

    

OSI 
Rs = 0.41* 

(P = 0.0036) 
   

AULCSF 
Rs = -0.35* 
(P = 0.0126) 

Rs = -0.42* 
(P = 0.0027) 

  

VA (LogMAR) 
Rs = 0.23 

(P = 0.1080) 
Rs = 0.40* 

(P = 0.0045) 
Rs = -0.60* 
(P < 0.0001) 

 

Asterisk indicates statistically significant correlation. 

 

3.5 Discussion 

The clinical studies on the development and ageing of the human crystalline lens 

have contributed to elucidating the changes that lead to the progression of presbyopia 

and cataracts. Understanding those age-related diseases allow novel treatments to be 

developed to manage the ageing effects on the eye. In this study, I demonstrated a 

detailed quantitative analysis of age-related alterations of morphology and 

transparency of the human lens, and I assessed the correlations of those changes 

with vision degradation. 

The current study showed that the central lens thickness increases with age, and 

the rate change in the lens thickness was estimated to be 0.023 mm/yr. Those 

observations confirmed previous reports based on Scheimpflug photography, magnetic 
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resonance imaging and OCT [6, 9, 57, 120, 124, 125, 165, 168, 170-175]. The 

calculated thickening rate is within the range of 0.019-0.029 mm/yr observed earlier 

with the standard methods. The increase in lens thickness with age is mainly governed 

by the thickening of the cortex, which grows at a rate almost three times faster than the 

nucleus (0.017 mm/yr vs. 0.006 mm/yr, Fig. 22a). 

Other age-dependent parameters included lens and nucleus radii of curvature. 

The results showed a statistically significant decrease in the anterior lens radius, anterior 

nucleus radius and posterior nucleus radius (at the rates of -0.053 mm/yr, -0.013 mm/yr 

and -0.006 mm/yr, respectively) within our age range. However, no significant trend in 

changes in the posterior lens radius was observed (Fig. 22b). Our data suggest 

agreement with the conclusions from previous in-vivo studies where the anterior lens 

surface became significantly steeper (decrease rate between -0.076 and -0.044 mm/yr). 

The relation between the posterior lens radius of curvature and age was either not 

significant or marginally significant [46, 166, 171, 173, 174, 176]. However, age-

related changes in the curvature of nucleus-cortex interfaces are not available in the 

literature, although lens modelling suggests that nuclear curvature becomes flatter 

[177]. One has to note that correlations of radii of curvature and age become weaker 

when deeper surfaces are considered. The reasons for that might be the refractive index 

distribution not exactly represented by a double-shell model in OCT image correction 

as well as the fact that the refractive indexes were assumed to be independent of age. 

Therefore, our calculations may introduce deviations from true values. 

The cross-sectional OCT images of the lens indicate the non-homogenous 

character of the optical properties of the crystalline lens (Fig. 21c). OCT signal in the 

images directly represents light back-scattered and is associated with optical micro-

heterogeneity of the lens (the differences in the local refractive index). Much more light 

is back-scattered from the cortex than that from the nucleus. One can also notice hypo-

reflective nuclear sulcus. Quantitative analysis of the images showed that light 

scattering in the lens increases with ageing, and a high correlation was obtained. Earlier 

studies investigated that effect and detected non-linear dependence of the densitometric 

parameter with respect to age (e.g. exponential or bilinear) [129, 173, 178, 179]. In this 

study, the scatter plots of optical density are rather represented by linear relation, which 
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confirms other OCT studies (Fig. 22c) [168]. However, different definitions of optical 

density were used throughout the studies so that the arbitrary units do not allow for a 

direct comparison of the rates of change. 

The densitometric effects similar to those in the crystalline lens were also 

observed in other ocular components. Age-related opacification was previously 

measured in the cornea [180-182] and the vitreous [133, 183, 184]. The changes in light 

scattering in the lens correlated significantly with the scattering in the vitreous [133]. 

Backward scattering is used to evaluate the condition of the eye in imaging 

modalities like OCT. However, forward scattering occurring during light propagation 

through the entire eye contributes to the degradation of the optical performance of the 

eye. OSI is a biomarker that gives objective information on the image formed on the 

retina. By definition, intraocular forward scatter degrades the retinal PSF, thus 

increasing the OSI. I found a significant increase in OSI with age in the group of normal 

subjects, although the correlation (Rs = 0.32) was weaker than that reported in previous 

studies with the same OQAS instrument [118, 185]. OSI rise with age suggests that 

enhanced intraocular scattering in older subjects (where the dominating role has light 

scattering in the crystalline lens) is a factor responsible for the worsened optical quality 

of the eye. In addition, a moderate correlation between OSI (forward scatter) and optical 

density of the lens extracted from OCT data (backward scatter) given by Rs = 0.41 

comes from the fact that forward and back-scattering are governed by different physical 

processes [186]. This also explains why the age dependence of OSI is weaker than that 

for optical densities (Table 3). 

The reduced optical quality of the eye compromises the visual performance of 

the eye studied using the VA test and contrast sensitivity test. We showed that ageing 

of the crystalline lens is associated with the degradation of VA (increase in VA in 

logMAR scale) and loss of contrast sensitivity (a drop of AULCSF), which confirms 

earlier reports [185, 187]. Also, OSI correlated stronger with visual performance 

metrics than the optical density of the lens did. The reason for that is that OSI measures 

forward scattering in the eye.  

In conclusion, we studied the age-dependency of geometry and light back-

scattering of the crystalline lens in-vivo and the impact of those changes on optical 
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quality and the visual performance of the eye. I found that the lens becomes thicker and 

more convex with ageing. The cortex is primarily responsible for the increase in lens 

thickness. Changes in the geometry and transparency of the crystalline lens have a 

significant impact on the optical quality of the eye and its visual performance. Those 

insights help us understand the ageing processes that often lead to presbyopia and 

cataract. The results can facilitate the development of emerging strategies for cataract 

surgery and accommodation restoration.  
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Chapter 4  

Changes of optical non-homogeneity of the 
crystalline lens with age. Optical signal 
discontinuity zones 

4.1 Motivation and aim of the study 

Another important aspect of crystalline lens ageing that has been of increasing 

interest in recent years is the role of optical inhomogeneity in understanding those 

ageing processes. The studies based on cross-sectional images of the crystalline lens 

(initially using Scheimpflug imaging) have led to distinguishing alternating light and 

dark regions in the internal lens structure called the optical signal discontinuity (OSD) 

zones (Fig. 23a). Identification of the OSD zones is a direct consequence of the optical 

non-homogeneity of the lens since the OSD zones are associated with abrupt changes 

in refractive index that occur at the boundaries between different regions of the lens. 

OSD zones are present in all lenses but their thickness and number can vary between 

individuals and with age. 

The use of in-vivo and ex-vivo imaging techniques has provided valuable 

insights into the ageing processes of the crystalline lens. The images of the OSD zones 

have been used for the Oxford clinical cataract classification and grading system [109]. 

Different imaging modalities have been used to characterise human lens ageing by 

measuring the shape and refractive status in-vivo and in donors’ eyes [9, 10, 109, 166, 

167, 169, 177, 189-192]. However, the features of internal lens structures, including 

OSD zones, have not been reported in OCT images. Accordingly, no detailed in-vivo 

OCT study on the contribution of different lens layers to lens transparency and 

geometry in ageing eyes has been performed. Micrometre-scale resolution and high 

sensitivity (ability to detect low signals) are the main advantages of OCT with respect 

to other clinically used imaging methods that facilitate the precise identification of OSD 

zones. 
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The aim of this study was to determine the age-related changes in the OSD zones 

of the crystalline lens. OCT images were used to identify the cortical zones of OSD 

according to the Oxford nomenclature, and age-related dependencies of the thickness 

and optical density of OSD zones were presented. 

4.2 Data acquisition 

In this part of my research, I explored the possibilities of extracting more 

information from the OCT data that were acquired with a custom-built high-resolution 

and highly sensitive swept-source OCT system. Hence, I based on the data sets used in 

the previous study (Chapter 3). Therefore, this cross-sectional study included the scans 

of 49 eyes (age range: 9-78 years) that were acquired at the Laboratory of Optics at the 

University of Murcia. The study adhered to the tenets of the Declaration of Helsinki. 

The volunteers were informed about the nature of the study, and written consent was 

obtained from each participant in the case of children parental consent was also 

obtained. The Bioethics Committees at Nicolaus Copernicus University and the 

University of Murcia approved the study. 

4.3 Data post-processing and statistical analysis 

4.3.1 Densitogram 

Raw OCT data underwent motion correction as well as refraction correction. 

Later on, the region of interest (ROI) was selected, spanning within a radius of 66.5 µm 

around the central axis connecting anterior and posterior lens apices. Hence, the ROI 

had the shape of a cylinder spreading from the anterior to the posterior lens (Fig. 23c). 

Data within the ROI were averaged laterally, and an intensity depth profile called a 

densitogram was generated. Each densitogram highlighted the locations of the OSD 

zones that can be classified using Oxford nomenclature: C1α, C1β, C2, C3, C4, and the 

nucleus (Fig. 23) [9, 192]. The bright (hyper-reflective) zones with higher optical 

density are the ones that back-scatter light more, and dark (hypo-reflective) zones are 

presumably more transparent (optically homogeneous). Once the nuclear and cortical 
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sub-layers (i.e., C1α, C1β, C2, C3, and C4) were manually identified in the 

densitogram, the thickness and optical density within each layer were measured. 

 

 

Figure 23. (a) Schematic diagram of the crystalline lens (left half: structure of the 

crystalline lens, and right half: OSD zones) and ROI (red) for generating densitogram 

for the zones. The epithelial layer is not given in scale. (b) Three-dimensional swept-

source OCT volumetric (8 × 8 × 7 mm3) dataset of a 49-year-old subject. (c) Refraction 

correction of the central B-scan. The surfaces of the anterior and posterior of the lens 

(solid yellow) and the nucleus (dashed yellow) were used to measure the radii of 

curvature. (d) Densitogram of the lens and identification of the OSD zones based on 

Oxford system nomenclature. The thickness and optical density were measured for each 

zone. 

 

4.3.2 Multivariate linear regression (MLR) model 

The SLR model can estimate the linear relationship between only two variables. 

However, if the dataset comprises multiple independent variables influencing the other 

variable’s outcome, the SLR model can be extended to the multivariate linear regression 

(MLR) model to observe this influence. This can be expressed as [193, 194]: 
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                                E(Y୧|x୧) =  α  +  α୧ x୧

୬

୧ୀଵ

,                                             (4.2) 

where n is the total number of independent variables, 𝐸(𝑌|𝑥) is the expected ith value 

of Y at a given ith x variable, 𝛼 is the intercept at all x = 0 (intercept is also a mean 

value of the known Y variable), 𝛼 is the coefficient of ith x variable (often referred to 

as the rate Y values change per unit of x values). 

The main advantage of the MLR approach is that multiple regression analysis 

assesses the strength of the independent variables' influence over the outcome (the 

dependent variable). However, for multivariate linear regression analysis on the 

dataset following four assumptions are made [194]: 

1. There is a linear relationship between the dependent variables and the independent 

variables. 

2. The residuals of the data that don’t fit the model are normally distributed and 

independent from each other. 

3. The collinearity among the independent variables is minimal. 

4. The variance around the regression line is equal or similar for all values of the 

dependent variable. This measure is called homoscedasticity. 

The MLR model was applied (a) to test the significance of the role that the OSD 

zones play in the changes in the thickness of the crystalline lens, and (b) to investigate 

if the visual function (from VAO) and optical quality of the eye (from OQAS) change 

significantly with OCT-measured parameters. It was ensured that MLR is done 

correctly by checking the normality of the residuals, and if chosen independent 

variables have low multicollinearity and are homoscedastic. 

I selected independent variables based on prior knowledge from the literature, 

some of the independent variables were removed because they had high 

multicollinearity. The multicollinearity was checked by computing the variance 

inflation factor (VIF). VIF describes how much variance is inflated if the independent 

variables are correlated. VIFs are calculated by taking one independent variable and 

regressing it against every other independent variable in the model. Therefore, VIF is 

computed using R-squared values: 
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                                  𝑉𝐼𝐹 =  
1

1 − 𝑅
ଶ ,                                                               (4.3) 

where, i is an integer value (1,2,3….) for independent variables.  

If VIF is 

 equal to 1, then independent variables are not correlated. 

 between 1 and 5, then independent variables are moderately correlated. 

 higher than 5, then independent variables are highly correlated, so multicollinearity 

is high. 

One of the key assumptions of linear regression is that the residuals are 

distributed with equal variance at each level of the independent variable. The 

homoscedasticity of the independent variables was analysed using Breusch–Pagan test. 

The Breusch-Pagan test is used to determine whether or not heteroscedasticity is present 

in a regression model [195]. The test uses the following null and alternative hypotheses: 

 null hypothesis (H0): Homoscedasticity is present (the residuals are distributed with 

equal variance). 

 alternative hypothesis (HA): Heteroscedasticity is present (the residuals are not 

distributed with equal variance). 

If the p-value of the test is greater than the significance level (i.e. α = 0.05), then we 

accept the null hypothesis and conclude that homoscedasticity is present in the 

regression model.  

4.3.3 Statistical analysis 

Statistical analysis was completed using a statistical toolbox from Microsoft 

Office Professional plus Excel 2013 (Microsoft Corp., Redmont, WA, USA). 

Spearman’s correlation was performed to investigate age-related changes in the 

thickness and optical density of OSD zones from the Oxford classification system. The 

statistical significance of Spearman’s correlation coefficient Rs was tested at the 

significance level α = 0.05. 
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4.4 Results 

4.4.1 Average parameters in the study group  

Table 6 illustrates the mean values and standard deviations of the thickness and 

optical density of OSD zones. The data are extracted from OCT-based densitograms. 

 

Table 6. Mean and standard deviations of the thickness and optical density of lenticular 

OSD zones from the 49 eyes. 

Variables Unit N Mean (SD) 
Thickness mm 49  
Nucleus   2.39 ± 0.27 
C1α    0.16 ± 0.04 
C1β    0.20 ± 0.07 
C2   0.27 ± 0.08 
C3   1.07 ± 0.38 
C4   0.30 ± 0.08 
Optical density a.u. 49  
Nucleus    (14.8 ± 2.9) × 103 
C1α    (33.6 ± 7.4) × 103 
C1β    (39.8 ± 7.4) × 103 
C2    (33.1 ± 8.9) × 103 
C3   (4.3 ± 1.1) × 104 
C4   (25.5 ± 6.5) × 103 

 

4.4.2 Age-related changes in the thickness and transparency of OSD 

zones 

Table 7 presents the significance of the correlation of thickness and optical 

density of OSD zones with age. The calculated rate of change (with respect to time of 

life span) is also included. Among all cortical OSD zones (according to the 

nomenclature of the Oxford system), the highest correlation of thickness with age was 

found for the C3 layer (Rs = 0.70, p < 0.001), and the thickening rate of the C3 zone 

(0.0146 mm/year) was close to that of the entire cortex. The thickness of the C1α zone 

also correlated significantly with age. On the other hand, the changes in the thickness 
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of C1β, C2 and C4 did not show a significant correlation with age. Unlike the C1 zone, 

all cortical OSD zones demonstrated increasing light scattering with age (positive rates 

of changes in Table 7).  

 

Table 7. Correlation of measured parameters with age. 

Dependent Variables Rs P-value 
Rate of change 

(per year) 
Thickness (mm)    
Nucleus 0.34* 0.016 0.006 
C1α  0.41* 0.003 0.001 
C1β  0.25 0.083 0.0011 
C2 -0.02 0.892 -0.0002 
C3 0.70* <0.001 0.0146 
C4 0.1 0.494 0.0006 
Optical density (a.u.)    
Nucleus  0.64* <0.001 101 
C1α  -0.37* 0.009 -128 
C1β  -0.05 0.733 -33 
C2  0.45* 0.001 234 
C3 0.74* <0.001 434 
C4 0.56* <0.001 200 

    Asterisk indicates statistically significant correlation. 

 

A more detailed analysis was later completed for the thickness of the lens and 

each OSD zone. I tested the statistical significance of the difference between the growth 

rates of corresponding anterior and posterior OSD zones. Figure 24 presents the changes 

in the thickness of the anterior and posterior cortical OSD zones with age. No significant 

differences between the growth rates of anterior and posterior lenticular zones were 

found. 
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Figure 24. Relation of ageing with changes in the anterior and posterior thickness of 

the cortex and its sub-layers (C1, C2, C3, and C4). 

 

The data were further investigated by categorisation based on age groups. The 

entire population was split into seven age groups, from 9 to 78 years old. The thickness 

of each cortical zone was expressed as the percentage of the entire central lens 

thickness. This allowed us to observe the contribution of the thickness of the OSD zones 

to the lens thickness growth. 

In Fig. 25, pie charts depict how the relative thickness of each zone changes with 

age. Access to cortical sub-layers revealed that the bright C3 zone was mainly 

responsible for the growth of the overall cortex and thus contributed to the development 

of the crystalline lens (from 45% to 58% in Fig. 25). Furthermore, the relative thickness 

of dark zones, C2 and C4, decreased with age, whereas the contribution of C1 layer 

thickness is minimal and remained rather consistent with age. 
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Figure 25. Percentage contribution of cortical layers to the total cortical thickness for 

different age groups. 

 

4.4.3 Factors influencing lens thickness and optical density 

Influencing factors on crystalline lens thickness and lenticular optical density 

were also explored by MLR analysis. The independent variables for both dependent 

variables were homoscedastic, confirmed by Breusch–Pagan test.  

The variables with high multicollinearity were avoided to have an unbiased 

analysis. MVLR analysis showed that the thickness of the nucleus ( = 0.27, p < 0.001) 

and cortical layers (C1α  = 0.04, p = 0.021; C1β  = 0.07, p = 0.001; C2  = 0.1, p < 

0.001; C3  = 0.38, p < 0.001; C4  = 0.09, p < 0.001) had a strong influence on the 

crystalline lens thickness, with adjusted R2 = 0.97.  

Lens optical density was highly influenced, adjusted R2 = 0.87, by optical 

densities of the nucleus ( = 4835, p < 0.001), and C3 (bright zone) ( = 2997, p = 0.04) 

as well as OSI ( = 2025, p = 0.004). However, there was no significant influence, p > 

0.05, of optical densities from C1α ( = -1029), C1β ( = -466), C2 ( = 1197), and C4 

( = -236) as well as AULCSF ( = 102), and VA ( = 456).  
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MVLR analysis also revealed that visual acuity (VA) is influenced by AULCSF 

( = -0.001, p = 0.007), the radius of curvature of the anterior lens ( = 0.022, p = 

0.025), anterior nucleus ( = -0.019, p = 0.0098), and posterior nucleus ( = 0.015, p = 

0.042). 

4.5 Discussion 

Compared with Chapter 3, the study in this section is related to a more detailed 

OCT image analysis. Visual inspection of OCT images of the lens revealed that the 

crystalline lens is not an optically homogenous structure. Previous studies using 

Scheimpflug imaging identified the OSD zones that are a consequence of the optical 

inhomogeneity of the crystalline lens structure [11]. Dubbelman et al. demonstrated 

densitograms from low-resolution Scheimpflug images, which resulted in a C1 layer 

that could not be further divided into C1α and C1β. Moreover, their results also lacked 

a clear boundary between the C4 zone and the nucleus, so C4 was excluded from the 

measurements [9]. OCT instrumentation was utilised to perform in-vivo imaging of the 

anterior segment of the eye and to investigate different aspects of ocular ageing [14, 

165, 191, 196]. However, no study was reported in which OSD zones were visualised 

with OCT. I took advantage of specific features offered by SS-OCT modality, such 

as high resolution and sensitivity that enabled the acquisition of high-quality 

images allowing us to identify OSD zones in densitograms. These zones were 

extracted (C1α, C1β, C2, C3, C4, and nucleus) following the Oxford nomenclature that 

was initially used to categorise cataract types based on their location in the crystalline 

lens [108]. This is the first comprehensive study on OSD zones and new OCT 

application. OCT outperforms Scheimpflug imaging in terms of resolution and ability 

to detect low back-scattered signals; thus more details could be extracted and quantified. 

Although the increase in lens thickness with age is mainly governed by the 

thickening of the cortex, I found differences between the rates of thickness change 

within the cortical OSD zones. The thickness of zones C1α and C3 increased 

significantly with age (0.0010 mm/yr and 0.0146 mm/yr, respectively). On the other 

hand, the changes in the thickness of C1β, C2 and C4 did not show a significant 

correlation with age (Table 6). This contradicts the report of Dubbelman et al. who 
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demonstrated that only the C2 zone had a dominant and statistically significant role in 

lens thickening with age, with a higher rate in the anterior cortex [9]. Unlike Dubbelman 

et al. and Cook et al., there was no significant differences in thickness change rates 

between the anterior and posterior cortex (Fig. 24) [9, 124]. However, the poor 

resolution of the Scheimpflug camera and the low accuracy of determination of all OSD 

zones from Scheimpflug images could explain the discrepancies.  

Furthermore, the mutual contribution of each OSD zone to the overall thickness 

of the cortex was studied. The comparison within age groups revealed that since the 

bright and thickest C3 zone grows fast, its contribution increased from 45% to 58% of 

the total thickness at the expense of the C2 and C4 hyporeflective zones (Fig. 25). I also 

observed that C1 maintains percentage contribution during ageing. Therefore, it is 

confirmed that all bright OSD zones in the crystalline lens grow with age, adding more 

cellular fibres in each zone. In contrast, dark zones (C2 and C4) do not go through 

consistent thickness increase, and thus the process of compaction may occur in those 

zones. 

I also showed that the highest increase in scattering occurs in the hyper-reflective 

zone C3, which was also demonstrated in the studies with Scheimpflug imaging [110, 

127]. Interestingly, the optical density of the C1 zone declined with age, unlike in C2, 

C3, and C4 zones. A closer inspection shows that the correlation of the optical density 

with age is highly significant in the case of C1α, whereas C1β has poor significance 

(Table 6). 

The analysis using MVLR indicated that the thickness of OSD zones as 

measured by OCT has a significant impact on the total thickness of the crystalline lens, 

with the nucleus and C3 layer having the most statistical significance. Moreover, these 

layers affect not only the lens thickness but also its optical density. In addition, the 

MVLR results showed that the visual acuity of the eye is significantly influenced by the 

anterior and posterior radius of curvatures of the lens, as well as the AULSCSF. This 

suggests that the shape of the lens is one of the factors that affect visual acuity. 

In conclusion, 3-D OCT enables high-resolution crystalline lens imaging with 

high sensitivity to distinguish the lenticular OSD zones. The most significant age-

related changes occur in the C3 zone as it thickens faster and becomes more opaque 
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than other OSD zones. Evaluation of light scattering in the lens demonstrates that the 

nucleus and C2-C4 zones contribute to the general opacification of the crystalline lens.  
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Chapter 5  

In-vivo imaging of lenticular sutures and effect of 
ageing on suture architecture 

5.1 Motivation and aim of the study 

Natural sutures present in the crystalline lens are a direct consequence of fibre 

cell organization in the lens (Fig. 26a). The sutures play a critical role in maintaining 

the structural integrity and optical properties of the lens. The crystalline lens has highly 

ordered layered fibres that meet at the lens optical axis (along the lenticular poles), 

forming micro-scale sutures. The sutures contribute to the metabolism processes in the 

crystalline lens by facilitating the nutrient flow from the cortex to the nucleus and 

supporting the maintenance of lens homeostasis and playing a role in optical quality 

(aberrations) [9, 64-67, 197, 198]. The interdigitating processes that make up the sutures 

provide a high degree of mechanical stability to the lens, allowing it to maintain its 

shape and focus light onto the retina. The distribution of forces within the lens is critical 

for maintaining the optical properties of the lens and ensuring that light is focused 

correctly onto the retina [7, 199, 200]. 

As we age, the sutures of the crystalline lens undergo many changes that can 

affect their structural and mechanical properties. One of the most significant changes is 

characterized by an increase in the branch number and complexity of the sutures, which 

may influence the transparency and mechanical properties of the lens [10, 41, 197]. This 

may lead to presbyopia and suture cataracts [42, 43]. In addition to that, alterations in 

the alignment and geometry of the sutures can also occur with age. What is more, the 

changes in the sutures can result in localized areas of stress, which can lead to the 

development of lens opacities or even lens dislocation. At suture sites, lens fibre ends 

are non-uniform, unlike their lengths, and thus are more scattering. Accordingly, the 

abnormal development of sutures is associated with specific types of cataracts (sutural 

cataracts) [202]. In addition, surgical interventions like trabeculectomy and vitrectomy 
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may result in post-surgical alterations in lens sutures that precede cataract formation 

[202, 203]. 

The complexity of the suture patterns increases with age with adding more fibre 

cell layers at the periphery of the lens. Understanding the changes that occur in the 

sutures of the crystalline lens with age is critical for developing interventions to slow 

or prevent the progression of lens-related conditions. As such, a significant amount of 

research is currently focused on investigating the structure and function of the sutures 

and their role in maintaining the optical properties of the lens. 

The presence of sutures is a consequence of the lens microstructural 

organization. From the optical point of view, 3-D shape of sutures in the lens leads to 

optical inhomogeneity of the lens. Previous studies suggest that sutures induce optical 

aberrations like spherical aberrations [12, 43, 161, 163, 197]. The light passing through 

the crystalline lens is highly scattered compared to neighbouring sites. Fundamental 

studies on lenticular suture visualisation were performed using the techniques like point 

diffraction interferometry, and light and electron microscopy [40, 41, 204-209]. Laser 

ray tracing was used to evaluate the effect of sutures on retinal image quality and 

aberration [197, 210]. In-vivo imaging of sutural cataracts was performed using 

biomicroscopy [27, 211, 212]. Although those reports gave important insights into the 

relationship between the suture pattern of the lens and optical quality, the studies were 

mostly limited to ex-vivo animal studies, in-vitro specimens or only two-dimensional 

en-face imaging.  

By visualizing the sutures in-vivo, the researchers can gain a better 

understanding of their structure and function and how they change with age. OCT can 

surpass the in-vivo imaging limitations of other modalities by providing a highly 

sensitive high-resolution 3-D in-vivo imaging of lens suture architecture in a non-

contact and non-invasive way [132]. This study aimed to demonstrate in-vivo imaging 

of the human crystalline lens sutures from the 3-D OCT data and to describe sutural 

structure quantitatively. 
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5.2 Data acquisition 

This was an observational cross-sectional study that was conducted at the 

University of Murcia and adhered to the tenets of the Declaration of Helsinki. The 

acquisition of volumetric data sets was completed at the Laboratory of Optics at the 

University of Murcia. The Institutional Review Boards approved the study at Nicolaus 

Copernicus University and the University of Murcia. The study enrolled 100 eyes of 50 

individuals (mean age: 40 years, age range: 9-78 years). The participants underwent a 

standard ophthalmic examination. Participants with previous ocular surgery were 

excluded from the study. The volunteers were informed about the nature of the study, 

and a written consent was obtained from each participant. No pupil dilation was used 

in this study. The scanning procedures were completed under constant conditions of 

dim illumination.  

5.3 Data post-processing and statistical analysis 

5.3.1 Imaging of lenticular sutures 

A 3-D volumetric OCT data set consisting of 300×300 A-scans and covering an 

8 × 8 mm2 area was obtained from each subject (Fig. 26b). The motion-corrected 

volumes of data revealed high-resolution OCT images of the crystalline lens. The cross-

sectional B-scans were used to identify the anterior and posterior cortex as well as the 

fetal nucleus from the literature. The volumetric OCT images allowed us to generate 

en-face images of the lens segmented areas and extract suture patterns.   

5.3.2 Methods of extraction of suture features 

An OCT volumetric data comprises multiple B-scans acquired based on raster 

scanning over the region of interest (Fig. 26a-b). The data were corrected for motion 

artefacts (as described in Section 3.3.1). The advantage of operating with 3-D data is 

that it is possible to generate virtually any possible cross-section and projection. In 

particular, both anterior and posterior intensity en-face projection images were 

generated from axially averaged slabs (ca. 320 µm thick) below the anterior interface 
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and above the posterior interface of the lens, respectively (Fig. 26c). Therefore, the 

entire depth of the cortex was not included in the slabs. Axial averaging of the OCT 

signal from OCT images was implemented to form an average intensity projection 

(AIP) image (Fig. 26c).  

 

 

Figure 26. (a) Anatomy structure of the human crystalline lens. (b) OCT volumetric 

data of the crystalline lens of 8×8×4 mm3. (c) Illustration of the segmented cortex and 

generation of average intensity projection (AIP) image of the anterior cortex. Star-

shaped sutures are visible in AIP image. 

 

The exact position and thickness of the slab within the lens cortex layer were set 

individually to obtain the optimum AIP image contrast by visual inspection of the 

projection images. The anterior and posterior cortex projection images demonstrate 

complex star suture patterns in the anterior and posterior lens. The sutures appear as 

hyper-intensive lines that radiate from the pole toward the equator. A similar manual 

approach was applied to the lens nucleus (the slabs were ca. 80 µm thick in this case). 

In this case, we could also identify Y-shaped sutures (and inverted Y-sutures) that are 
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characteristic of the early development of the lens. Y-sutures were visible in 56 

volumetric images (61% of all data sets).  

 

 

Figure 27. Flow chart of the image processing and extraction of suture pattern 

algorithm; averaged intensity en-face projection of anterior lens suture, image contrast 

enhancement with bandpass filtering and CLAHE (contrast limited adaptive histogram 

equalisation) contrast enhancement, image binarisation, image skeletonisation, pruning 

ends and false branches. 

 

I developed a semi-automatic image processing algorithm in ImageJ to obtain a 

suture pattern from the selected (anterior or posterior) AIP image of the cortical layer 

of the crystalline lens. The protocol comprises several steps, as shown in Fig. 27. First, 

a band-pass filter was applied to enhance the contrast between suture branches and the 

background signal in the AIP image. The band-pass filter was set to have large 

structures filtered down and small structures filtered up to 40 pixels and 3 pixels, 

respectively. The direction tolerance of the filter was set to 5%. Image intensity was 
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rescaled after filtering to match the range of display values. Further enhancement of 

images was done with contrast limited adaptive histogram equalisation (CLAHE) 

algorithm (no mask, block size 127, histogram bins 256, normal speed for high 

accuracy) [43]. Then, the enhanced AIP image was binarised by thresholding the signal. 

A robust automatic threshold selection (RATS) algorithm was applied to set the 

threshold level (estimate of the noise 5, scaling factor 3, and min leaf size 60) [44]. 

Later, binary projection underwent automatic skeletonisation based on thinning 

algorithm, which enabled obtaining suture patterns with false, short ends or small 

branches [45]. At final step to get a suture pattern included pruning those false 

ends/branches using the ‘shortest branch’ prune cycle method. Some remaining false 

short branches were also removed manually. 

The procedure described here was applied to both anterior and posterior 

projection images so that I obtained two skeletonised suture images (anterior and 

posterior) from each measured eye. The sutures formed the planes, in projection, 

appeared as branches. 

5.3.3 Comparison of manual and semi-automatic methods for suture 

segmentation. Bland-Altman analysis 

The semi-automatic algorithm to extract the shape of the sutures can be validated 

with respect to the manual method. Thus, it was observed that two methods could 

extract the results for the same query during data analysis. In statistics, Bland-Altman 

analysis is used to compare both methods (M1 and M2) and deduce whether the 

difference between their results is acceptable [213]. The measurement methods, called 

M1 and M2, are compared by plotting the mean results of both methods against the 

difference between the results. In Cartesian form, the Bland-Altman plot can be 

represented as [214]: 

                          M(x, y) =  ൜
Mଵ + Mଶ

2
, Mଵ − Mଶൠ .                                    (5.1) 

The condition for acceptable difference limits if data points of M(x,y) lie within 95% 

of the confidence level. The data points should not lie above the mean + (1.96 × 𝑆𝐷) 

and below the mean - (1.96 × 𝑆𝐷), where SD is the standard deviation. 
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Validation of the proposed algorithm was performed by the assessment of the 

ability of the algorithm to detect the sutures. The suture branches were counted using 

the obtained skeleton patterns and compared with the number of sutures detected 

manually by a trained grader in corresponding AIP images. The grader did not know 

the age or the output of the semi-automatic algorithm.  

5.3.4 Quantitative description of lenticular suture pattern 

Different parameters were extracted to describe the architecture of the 

crystalline lens sutures quantitatively: 

a) anterior cortex mean signal: The inverse mask of the anterior sutures masked the 

AIP image from the anterior lens. The average signal was calculated. This quantity 

shows the average signal in the anterior AIP image in the regions outside sutures. 

b) anterior suture mean signal: The suture pattern mask masked the AIP image from 

the anterior lens. The average signal was calculated. This quantity shows the average 

signal from sutures in the AIP image. 

c) posterior cortex mean signal: The inverse mask of the posterior sutures masked the 

AIP image from the posterior lens. The average signal was calculated. This quantity 

shows the average signal in the posterior AIP image in the regions outside sutures. 

d) posterior suture mean signal: The suture pattern mask masked the AIP image from 

the posterior lens. The average signal was calculated. This quantity shows the average 

signal from sutures in the AIP image. 

e) suture density index: The number of pixels indicating sutures in the skeletonised 

image was divided by the number of pixels covering the pupil area. 

The parameters mentioned above were calculated in the circular region of interest with 

a diameter of 3.5 mm, corresponding to the group's smallest pupil. 

5.3.5 Statistical analysis 

Statistical analysis was completed using a statistical toolbox from Microsoft 

Office Professional plus Excel 2013 (Microsoft Corp., Redmont, WA, USA). The 
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statistical significance of Pearson correlation coefficient R was tested at the level 

α = 0.05. 

The SLR model is used to observe statistical linear relationships between two 

variables in the data set and to measure the linearity with the help of Pearson’s 

correlation coefficient. 

5.4 Results 

5.4.1 Suture visualization strategies from volumetric OCT data  

The suture architecture can be shown using different strategies. 3-D data allow 

the generation of projection images, where the sutures appear as hyper-reflective lines 

that radiate from the pole toward the equator (Fig. 28b). Additionally, access to 

volumetric data enables the generation of 3-D rendering of the sutures that are 

represented by the surfaces where the fibre cells meet each other (Fig. 28c). A 

characteristic Y-suture pattern is illustrated in the fetal nucleus (yellow and blue), and 

complex star sutures in the anterior (red) and posterior lens (green) are shown. 

The sutures from the lens anterior and posterior hemispheres can be 

superimposed (Fig. 29a). I also observe that the suture pattern from the posterior lens is 

rotated about 20 degrees clockwise with respect to the suture pattern from the anterior 

lens. Moreover, it is possible to represent the suture complex organisation in the polar 

coordinate system (Fig. 29b). The dendritic pattern of sutures as well as correspondence 

between anterior and posterior suture branches can be explored with this 

transformation. However, one has to remember that OCT does not enable the 

exploration of sutures up to the lens equator since the lens sampling area is limited by 

pupil size and no peripheral regions are imaged. Additionally, no refraction correction 

was applied to the data. Consequently, the polar representation does not cover the entire 

lens interface, and the information on how the anterior and posterior sutures are 

connected cannot be retrieved. 
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Figure 28. (a) Cross-sectional segmentation of cortex and nucleus, (b) AIP projections 

of segmentations reveal sutures at: anterior cortex – star-shaped sutures (green), anterior 

fetal nucleus – Y sutures (yellow), posterior fetal nucleus – Y sutures (red), and 

posterior cortex – star-shaped sutures (blue). (c) 3-D suture architecture in the whole 

crystalline lens. Data presented here is the anterior crystalline lens from the right eye of 

a 40-yo subject. 

 

 

Figure 29. Anterior (green) and posterior (yellow) suture pattern in the crystalline lens 

of the right eye of a 40-yo subject. (a) Representation in the Cartesian coordinate 

system. (b) Representation in the polar coordinate system. 
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Detailed examination of obtained projections made it also possible to notice 

hypo-reflective zones surrounded by regular hyper-reflective lines within the sutures 

(red arrow in Fig. 30). This effect was observed in 22 eyes (24% of all data sets used 

for analysis). 

 

 

Figure 30. Enhanced-contrast AIP of the right eye of the 28-yo subject. Red arrow 

clearly shows non-homogenous nature of light scattering in suture region. 

 

5.4.2 Agreement between semi-automatic and manual method of suture 

extraction 

Agreement between both methods of suture segmentation was assessed using 

Bland-Altman analysis. The validation procedure was based on counting the number of 

detected suture branches (in skeleton patterns) in both the lens anterior and posterior 

poles. On the other hand, the suture branches were counted manually using generated 

AIP suture images. Fig. 31 demonstrates the correlation between applied approaches 

(left column) as well as the Bland-Altman plots (right column). 



85 
 

 

Figure 31. Validation of the algorithm for suture pattern extraction. Comparison and 

agreement between semi-automatic algorithm and manual grading of the AIP images: 

(a) anterior lens sutures and (b) posterior lens sutures. The plots demonstrate the 

correlation between the detected number of suture branches (left column) and Bland-

Altman plots (right column). 

 

A high and statistically significant correlation was found between semi-

automatic and manual counting of suture branches in both the anterior and posterior 

cortex (R = 0.811; p < 0.00001 and R = 0.767; p < 0.00001, respectively). The 

semiautomatic algorithm also demonstrates a very good agreement with the manual 

grading of the suture pattern. The maximum difference between both methods does not 

exceed 2. 

5.4.3 Suture patterns in ageing lenses 

The examples of images and corresponding anterior suture patterns of human 

lenses of different ages are presented in Fig. 32. Visual inspection and comparison of 
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OCT B-scans and projection images demonstrate progressively stronger lens signals 

with age as the intraocular scattering increases. In particular, the cortex and the nucleus 

become more reflective, which can be easily noticed by comparing the images of young 

and old subjects (Fig. 32, middle row). 

 

 

Figure 32. The crystalline lens and suture pattern in the ageing eye. OCT cross-

sectional image (upper row), AIP images (middle row) and extracted anterior suture 

patterns (bottom row) of human lenses in different decades of human life. 

 

The analysis of the suture patterns indicates the age-dependent development of 

sutures in the crystalline lens. The lens of a 10-yo person in Fig. 32 features a simple 

six (or seven-)-branch suture pattern, which is the simplest form of star sutures [41]. 

The suture architecture becomes even more complex in adolescence. The number of 

branches of the complex star pattern increases reaching 9, 12 or sometimes even more 

branches. 

5.4.4 Age-related changes in the crystalline lens suture patterns  

The number of branches extracted in the anterior cortexes was, statistically, 

pseudo-equal to the number of branches extracted in the posterior cortexes from our 
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data with R = 0.991 and p < 0.00001 (Fig. 33a). As the line fit on the data was below 

line y = x, it was observed that fewer suture branches were visualised in the posterior 

lens cortexes compared to the number of visualised sutures in the anterior lens cortexes. 

The number of detected branches increases slightly with age but with no statistical 

significance (p > 0.2) (Fig. 33b). 

I also introduced the parameter, suture density index, which describes the total 

length of sutures related to the number of pixels covering the circular region of interest. 

The results present a statistically significant (but weak) correlation of suture density 

index with age for anterior suture patterns, R = 0.213, p = 0.043. However, no 

correlation is observed between age and the suture density index for the posterior cortex 

of the crystalline lens (p = 0.12) (Fig. 33c). 

 

 

Figure 33. Quantitative analysis of the human lens suture pattern in-vivo. (a) Relation 

between the number of branches in the posterior lens and the number of branches in the 

anterior lens. The dashed line represents the equality of the numbers. (b) Age-related 

changes in the number of branches. (c) Age-related changes of the suture density index. 

(d) Age-related changes in the mean signal of the anterior cortex and the anterior suture 

pattern derived from AIP images. (e) Age-related changes in the mean signal of the 

posterior cortex and posterior suture pattern derived from AIP images. 
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Furthermore, I analysed the signal in the AIP images of the anterior and posterior 

cortexes (Fig. 33d-e, respectively). The plots show that the averaged signal from the 

cortex and the averaged signal taken along the corresponding sutures are highly 

correlated with age, with p < 0.00001. In addition, the increase rate of the suture signal 

is higher than that of the cortex signal. The anterior suture signal increase rate per year 

is 119% more than the anterior cortex signal, whereas the posterior suture signal 

increase rate is 125% more than the posterior cortex signal. 

5.5 Discussion 

In this chapter, I demonstrated the 3-D visualisation of sutures in human 

crystalline lenses in-vivo using OCT. A comprehensive in-vivo analysis of human 

lens suture organisation in the ageing eye has not been reported before although 

anterior segment swept-source OCT was widely used for crystalline lens imaging 

[20, 114, 131, 140, 149, 215, 216]. The OCT images of the lenticular sutures were 

shown before in rodent and human eyes [131, 132, 149]. Previous reports on human 

lenticular sutures were mostly limited to ex-vivo or in-vitro conditions. Moreover, 

microscopic modalities used in earlier studies did not enable volumetric imaging and a 

large field of view, although they provided extremely high-resolution images [28, 162, 

197, 205, 207, 217, 218]. 

SS-OCT features several advantages that address the challenges of suture 

visualisation and facilitate new imaging applications even in subjects with no diagnosed 

cataract. Firstly, OCT imaging is well-suited for lenticular suture imaging. Lenticular 

sutures appear in projection images as regions with higher reflectivity as the result of 

optical inhomogeneity inside the lens. Elevated light scattering in the suture branches, 

which were observed in OCT AIP images, was consistent with the fact that lenticular 

sutures are formed by the abutting ends of cell fibres, which was confirmed in several 

microscopic studies [40]. This natural microstructural discontinuity can be directly 

related to optical heterogeneity, which results in higher scattering as light passes 

through these regions. Hence, the obtained results (images) are consistent with cellular 

(microstructural) details of fibre arrangement in the crystalline lens and its impact on 

the lens optical quality. 
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Secondly, SS-OCT is a modality characterised by a higher sensitivity than 

earlier OCT generations, so it is possible to efficiently image pseudo-transparent objects 

like crystalline lenses in their natural state. Lens sutures are practically invisible in 

healthy conditions using regular lens imaging with a slit lamp. However, clinical cases 

with sutural cataracts can demonstrate opaque sutures clearly distinguishable in 

biomicroscopic examination [27]. Therefore, OCT extends this ability into the less 

scattering cases, enhancing diagnostic utility. With the high scan density, 3-D OCT data 

also enables the implementation of different strategies to select subsets of voxels that 

can contrast desired structures effectively. In this study, I used voxel axial averaging to 

increase the signal-to-noise ratio resulting in a higher projection image quality with no 

significant loss of resolution. 

Thirdly, the sutures are three-dimensional anatomical structures, thus requiring 

volumetric imaging for visualisation. Accordingly, with its low sensitivity drop with 

depth, SS-OCT shows the potential for effective reconstruction of the sutures’ 

architecture. Finally, OCT can probe optical properties in a non-contact and non-

invasive way. Consequently, unlike other optical methods, studies on lens sutures can 

be done in-vivo.  

Clinical research on ageing lenses involving imaging modalities included the 

topics such as lens biometric alterations, increased scattering or loss of accommodation 

[9, 111, 178, 215]. I studied another aspect of the processes of eye ageing that considers 

the formation of sutures. I showed the types of sutures at different stages of human lens 

development and ageing: Y-shaped sutures in the fetal nucleus, and simple and complex 

star-shaped sutures as the effect of continuous division and differentiation of epithelium 

cells. The formation of more complex suture patterns in the crystalline lenses complies 

with the age-dependent structural organisation of sutures, as revealed by earlier 

microstructural studies [41, 217]. The discrepancy between the number of sutures 

detected in the anterior and posterior lens cortex could be partially attributed to the 

lower signal in OCT images in the posterior part of the crystalline lenses. When the 

numbers of sutures in the anterior and posterior parts of the crystalline lens matched, it 

was possible to find offset (rotation angle) between patterns [204]. 
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A single cross-section of the crystalline lens does not allow us to reveal the 

architecture of sutures. It is a volumetric image that enables the generation of virtually 

any projection, thus providing insight into sutures. It has been shown experimentally 

that sutures play a role in lens aberrations [43]. However, recent studies demonstrated 

the possible involvement of the sutures in the circulation of nutrients and waste removal, 

which is crucial for lens physiology [27, 68, 128, 219]. This hypothesis might be 

confirmed by observing hypo-reflective zones surrounded by regular hyper-reflective 

lines. This unexpected optical effect could be associated with light absorption, light 

polarization, and extracellular spaces within fibre cells interconnection along the suture 

that acts as a nutrient flow channel (microcirculation). Consequently, a more detailed 

investigation is required for that effect. 

Furthermore, the developed algorithm included the steps of skeletonisation and 

pruning, which were the sources of some erroneous detection of sutures (cf. Fig. 27), 

although the number of detected sutures correlated very well with manual detection. 

The shape of some sutures did not fully correspond to that observed in the periphery of 

the AIP image, especially in the eyes of young subjects where the OCT signal of the 

crystalline lens was relatively low. Suture branches were more clearly visible in older 

subjects due to higher scatter and better AIP image contrast. 

The pupil diameter introduced a bias in the quantitative analysis of the 

crystalline lens sutures with respect to age. Therefore, the same diameter of the region 

of interest was used in this study to calculate the biomarkers. The results showed that 

the suture density index correlates very weakly with age only for anterior sutures and 

confirmed that the number of suture branches in older subjects were not significantly 

higher. The effect of age on suture development might be more pronounced if more 

young participants are included. The age-related changes in the cortical and sutural 

OCT signal confirm opacification processes in the crystalline lenses, which reduce their 

transparency [131, 149]. 

It is important to mention that the volumetric data were not corrected for light 

refraction in this part of the study. The OCT images shown in this study represent 

optical distances. Consequently, the effective imaging range of the posterior lens is 

lower than that of the anterior lens. Based on ray tracing applied to the model eye, one 
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can estimate that the observed transverse range of the posterior lens is ca. 12% smaller 

than the pupil diameter (in the anterior lens). Since the circular pupil is the physical 

barrier to the evaluation of the crystalline lens, the imaged area in the posterior surface 

of the lens is ca. 22% smaller than the pupil area. Moreover, the biomarkers introduced 

in this study to describe the sutures are not based on geometrical dimensions, which are 

affected by light refraction in the lens. 

The lenticular suture development is proportional to the growth of the crystalline 

lens with age and highly contributes to the rising back reflected OCT signal with age. 

The orientation of the suture pattern and suture-associated extracellular spaces in the 

anterior and posterior lens is responsible for the nutrient circulation cycle. It supports 

homeostasis processes to maintain the transparency and flexibility of the lens (discussed 

in section 1.4.2).  

In conclusion, optical inhomogeneities of the lens manifest in increased light 

scattering at the lenticular sutures. SS-OCT can detect differences in light scattering 

across the lens enabling visualization of suture branches. The sutures increase their 

complexity with age, and show elevated light scattering. 
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Chapter 6  

Summary, limitations, and future scope. 
Conclusions 

6.1 Summary 

The research presented in this thesis concerned ageing processes in the eye. I 

hypothesized that optical imaging technologies enable visualization of the structural 

and optical changes in the crystalline lens. The main aim of the study was to 

demonstrate and quantify age-related alterations in the crystalline lens in cross-sectional 

studies in a group of healthy subjects. To verify the hypothesis and achieve the scientific 

goals of my PhD project, I used two modern imaging systems: anterior segment SS-

OCT and retinal PSF imaging (OQAS) to assess both the lens morphology and 

intraocular scattering. Additionally, I employed an adaptive optics visual simulator to 

perform visual tests.  

I concentrated on the following specific research problems that are associated 

with age-related effects on the crystalline lens:  

 lens shape remodelling with age,  

 gradual loss of lens transparency and reduction of visual performance, 

 optical inhomogeneities within the lens associated with the micro-structural 

organization.  

With respect to specific aim 1, I found that the lens becomes thicker and more 

convex with ageing. The cortex is primarily responsible for the increase in lens 

thickness. In addition, the changes in the geometry and transparency of the crystalline 

lens have a significant impact on the optical quality of the eye and its visual 

performance.  



94 
 

Specific aim 2 was devoted to the exploration of a characteristic three-

dimensional optical non-homogenous nature of the crystalline lens. In particular, axial 

(depth-resolved) optical inhomogeneities detected by OCT are related to OSD zones 

whereas lateral optical inhomogeneities are visualized in the form of lenticular sutures. 

Accordingly, high-resolution cross-sectional images of the crystalline lens enable us to 

distinguish the lenticular OSD zones. Evaluation of light scattering in the lens 

demonstrates that the nucleus and C2-C4 zones contribute to the general opacification 

of the crystalline lens. The most significant age-related changes occur in the C3 zone 

as it thickens faster and becomes more opaque than other OSD zones. Additionally, 

contrast-enhanced averaged intensity projections reveal characteristic suture patterns 

that become more complex and more scattering with age. Observations of OSD zones 

and sutures reflect the specific organization of the fibre cells in the crystalline lens. 

My research tasks included mostly the development of advanced image 

processing techniques for the objective and quantitative determination of the features 

of the ageing lens. Those tools allowed us to add novel and innovative findings to 

the ophthalmic in-vivo studies and broadened our understanding of crystalline lens 

development and ageing. In particular, I performed the first comprehensive study on 

the changes in the OSD zones with age using OCT, which is a more sensitive modality 

than standard Scheimpflug imaging. Secondly, to the best of my knowledge, I managed 

to report in-vivo observations of lenticular sutures for the first time.  

The comprehensive approach to the problem of ocular ageing has important 

implications from the point of fundamental biology and clinical science. The results 

help us understand the ageing processes that often lead to presbyopia and cataract. The 

results can also facilitate the development of emerging strategies for cataract surgery 

and accommodation restoration. 

6.2 Limitations 

Although the studies presented in this dissertation address many software and 

hardware challenges, there are still methodological limitations regarding the application 

of OCT in studying age-related changes in the crystalline lens. The following factors 

have been identified: 
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1. Spectral range of illumination in SS-OCT: We have performed imaging at the 

central wavelength of 1050 nm to visualize the structure of the crystalline lens. 

Ideally, imaging should be performed in the visible range of electromagnetic 

radiation rather than in the near-infrared if one wants to quantitatively describe light 

scattering in the eye with realistic associations with impact on vision. However, the 

near-infrared spectral range used in this study can be considered as a trade-off 

between desired light penetration and the availability of tunable light sources on the 

market. Light scattering decreases with the illuminating wavelength, which allows 

for larger penetration depths at longer wavelengths. However, tissue imaging at 1 

μm or 1.3 μm is limited by water absorption, and axial resolution is poorer compared 

with 0.84 μm bandwidth. Although visible-light OCT was reported in the literature, 

the imaging depth ranges of those systems are usually limited [220]. Consequently, 

it is necessary to keep this in mind while comparing the optical density measured 

by OCT with the results from OQAS. 

2. Limited field of view. Shadowing artefact: The crystalline lens is located behind the 

iris, which is a high-scattering and absorbing tissue. Therefore, the light cannot be 

effectively delivered to the regions of the lens which are behind the iris (outside the 

pupil area), and the whole lens cannot be imaged since the shadowing effect appears 

in OCT images. Although initial attempts have been demonstrated to increase the 

sampling volume of the lens they are difficult to be applied in a clinical environment 

[221]. This challenge of in-vivo imaging is usually overcome in a clinical setting by 

using mydriatic agents, which dilate the pupil. However, no mydriasis was applied 

before scanning in this study for the sake of patient comfort, and it restricted the 

field of view in the OCT images. In addition, the natural size of the pupil decreases 

with age [35, 222]. Therefore, a limited field of view could have an impact, 

particularly on the measurements of the radii of curvature of lenticular interfaces. 

3. Motion artefacts: OCT images are susceptible to motion artefacts, which can occur 

if the patient moves during the imaging process. The eye's involuntary movements 

can also cause motion artefacts, which can reduce the quality of the images. This is 

particularly problematic when imaging the crystalline lens, as the eye's movements 

can cause distortions in the image and affect the accuracy of the measurements. This 
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limitation can be addressed by using OCT systems with faster acquisition times, 

which can reduce the effects of motion artefacts. Eye tracking systems can also be 

used to monitor the eye's movements and compensate for them during imaging. 

However, an increase in the scanning speed results in a drop in sensitivity, which 

can limit the application of the imaging system in the cases of young (relatively 

transparent) lenses. 

4. Refractive index distribution in the lens: The refractive index of the lens exhibits 

age-related dependency [11, 12, 25]. However, no individual refractive indexes 

were taken into account during data post-processing since I used an equivalent 

refractive index for the cortex (1.3749) and nucleus (1.3947) for all processed data. 

This may have influenced the accuracy of morphometric measurements and 

influenced especially the significance of changes in the shape of the posterior lens 

curvature with age. This challenge could be addressed by implementing more 

sophisticated data processing tools [20, 166, 223]. 

5. Limited resolution: While OCT has excellent resolution, it may not be sufficient to 

image the fine structures within the crystalline lens, such as the lens fibres. The 

aspects of lens ageing associated with the development of lenticular suture 

architecture require much better resolution. Although I observed and mapped the 

sutures indirectly based on elevated light backscattering, a high-resolution 

microscopic technique that enables non-invasive in-vivo imaging of the crystalline 

lens would address the above-mentioned challenges. 

6. Small study sample size: The main limitation of our study was the size of the study 

group. Consequently, we used non-parametric testing of the relations between the 

extracted parameters and age (Spearman’s rank correlation test), which allowed us 

to infer on general tendency of changes (increase or decrease). In addition, we 

recruited 1 volunteer in the first decade of life and 8 teenagers. Accordingly, the 

limited sample size and age range did not permit to investigate interesting changes 

in lens thickness (e.g. remodelling and compaction), which were reported in-vivo 

and ex-vivo within the first 20 years after birth [3, 26, 27]. 
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6.3 Future scope 

The results obtained in this study open new perspectives for research actions. 

One area of research that is worth further exploration is the study of the relationship 

between age-related changes in the crystalline lens and other tissues, such as the retina 

and the vitreous. For example, studies have shown that age-related changes in the 

vitreous, such as liquefaction and posterior vitreous detachment, are associated with 

changes in the shape and position of the crystalline lens [133, 224]. Although it is 

extremely challenging to develop the imaging system for imaging through the entire 

eye length, such a study will offer a comprehensive and comparative approach to the 

problem of optical degeneration of ocular structures. 

Another area of research that can benefit from the use of OCT is the study of the 

impact of environmental factors on the ageing processes in the crystalline lens. 

Environmental factors such as ultraviolet (UV) radiation, smoking, and diet have been 

implicated in the development of cataracts. OCT can be used to assess the degree of 

lens opacification and to quantify changes in lens thickness, density, and refractive 

index gradient in individuals with different levels of exposure to these environmental 

factors. 

Moreover, OCT can be used to study the impact of genetics on the ageing 

processes in the crystalline lens. Genetic factors have been shown to play a role in the 

development of age-related cataracts, and OCT can be used to identify genetic markers 

associated with changes in lens morphology and transparency. By studying the genetic 

basis of age-related changes in the crystalline lens, researchers can develop new 

therapeutic approaches to prevent or delay the onset of cataracts. 

The ability to identify and distinguish the OSD zones can be further extended 

for different accommodation statuses of the eye. It would be interesting to investigate 

the impact of accommodative demand on the geometry (e.g. thickness) of the nucleus 

and cortical OSD zones. That research would potentially contribute to the 

understanding of accommodation-related eye biomechanics and might explain 

fundamental issues of presbyopia development (like the age-related alterations of 

refractive index distribution in the lens). 
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Access to in-vivo modality that reveals suture morphology opens the gates to 

studying the role of nutrition cycles in maintaining the health and integrity of the lens. 

The nutrition cycles within the crystalline lens play an important role in maintaining the 

health and integrity of the lens. These cycles are responsible for delivering nutrients to 

the lens fibres and removing waste products, such as degraded proteins and lipids, 

which are facilitated by the sutures (that act as channels). Transportation processes of 

metabolic products are critical for maintaining the transparency and refractive index of 

the lens, which are essential for proper vision. Recent studies have shown that the 

nutrition cycles within the crystalline lens are closely related to the structure and 

function of the lens sutures [65-67].  

Recent advances in OCT technology, such as SS-OCT and full-field OCT, hold 

promise for imaging the entire lens and its sutures in-vivo. The development of new 

algorithms for analysing the complex patterns of the lens sutures. The sutures form a 

unique and complex pattern that is specific to each individual, and analysing this pattern 

requires advanced image processing techniques and algorithms. Machine learning 

algorithms, such as deep learning, hold great potential for analysing sutural patterns and 

extracting meaningful information. 

Furthermore, OCT can be used to monitor the efficacy of pharmacological 

treatments for age-related changes in the crystalline lens. Various drugs and 

compounds, such as aldose reductase inhibitors, have been shown to prevent or delay 

the onset of cataracts in animal models. OCT can be used to measure changes in lens 

thickness, density, and refractive index gradient in individuals undergoing treatment 

with these drugs, providing a non-invasive method for assessing treatment efficacy. 

6.4 Conclusions 

In conclusion, the verification of the research hypothesis showed that SS-OCT 

enables volumetric visualization of the microstructure of the human crystalline lens. 

Double-pass imaging permits objective assessment of intraocular scattering. The 

progress of age-related effects on the lens shape and transparency leading to gradual 

visual quality reduction can be determined quantitatively from 3-D OCT data. 

Moreover, the unique features of OCT imaging such as volumetric scanning, high 
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sensitivity and high resolution facilitate the identification of optical signal discontinuity 

zones and lenticular sutures. The results provide an improved understanding of the 

development of cataracts and presbyopia. 
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Ruminski, Alfonso Jimenez Villar, Raúl Duarte Toledo, Silvestre Manzanera, 

Spozmai Panezai, Juan Mompean, Pablo Artal, and Ireneusz Grulkowski, 

Biomed. Opt. Express 11, 5388-5400 (2020). 

3. “Comparative study on the detection of early dental caries using thermo-

photonic lock-in imaging and optical coherence tomography”, Elnaz B. 

Shokouhi, Marjan Razani, Ashish Gupta, and Nima Tabatabaei, Biomed. Opt. 

Express 9, 3983-3997 (2018). 

4. “Optimal selection of laser modulation parameters in photothermal optical 

coherence tomography”, Ashish Gupta, Martin Villiger, Nima Tabatabaei, 

Proc. SPIE 10067, Optical Elastography and Tissue Biomechanics IV, 1006718 

(2017). 
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5. “Analytical study of optical component for optogenetic application”, Ashish 

Gupta, Arun Kumar, Optik - International Journal for Light and Electron Optics, 

Volume 126, Issue 3, 309-312 (2015). 

6. “Holography: A Cyber World”, Ashish Gupta, Aprajita Sharma, The Institution 

of Electronics and Telecommunication Engineer conference proceedings, 29-32 

(2013). 

7. “Optogenetics: Past, present and future”, Ashish Gupta, Arun Kumar American 

Institute of Physics (AIP) Conference Proceedings 1536(1): 1221-1222 (2013).  

 

A.2 Conference Presentations 

1. Photonics West 2023, 28 January - 02 February 2023, oral presentation, “SS-

OCT images of the human crystalline lens reveal local changes in the 

morphology and transparency with ageing”, Ashish Gupta, Daniel 

Ruminski, Alfonso Jiménez Villar, Raul Duarte Toledo, Grzegorz Gondek, 

Spozmai Panezai, Pablo Artal, Ireneusz Grulkowski.  

2. Frontiers in Optics and Laser Science (FiO LS) 2022, 17 - 20 October 2022, 

Rochester, NY, USA, oral presentation, “Age-related local changes in the 

morphology and transparency of the human crystalline lens using SS-

OCT”, Ashish Gupta, Daniel Ruminski, Alfonso Jimenez Villar, Raúl Duarte 

Toledo, Grzegorz Gondek, Spozmai Panezai, Pablo Artal, Ireneusz Grulkowski. 

3. 4th Interdisciplinary FNP Conference, 6–7 October 2022, Warsaw, Poland, 

poster presentation, “Lenticular morphology and transparency changes with 

age using swept-source OCT imaging system”, Ashish Gupta, Daniel 

Ruminski, Alfonso Jimenez Villar, Raúl Duarte Toledo, Grzegorz Gondek, 

Spozmai Panezai, Barbara Pierscionek, Pablo Artal, Ireneusz Grulkowski.  

4. 22nd Polish-Slovak-Czech Optical Conference on Wave and Quantum Aspects 

of Contemporary Optics, 5-9 September 2022, Wojanów, Poland, oral 

presentation, “Age-related changes in the morphology and optical density of 



117 
 

the crystalline lens”, Ashish Gupta, Ebrahim Safarian Balaujeh, Daniel 

Ruminski, Alfonso Jimenez-Villar, Raul Duarte-Toledo, Grzegorz Gondek, 

Barbara Pierscionek, Pablo Artal, Ireneusz Grulkowski. 

5. Siegman International School on Lasers 2022, 25 June – 2 July 2022, poster 

presentation, “Swept-source OCT (SSOCT): a tool for in-vivo studies of 

optical density and morphological changes of the crystalline lens related to 

aging”, Ashish Gupta, Alfonso Jimenez-Villar, Ewa Mączyńska-Walkowiak, 

Spozmai Panezai, Grzegorz Gondek, Daniel Rumiński, Ireneusz Grulkowski. 

6. ARVO Annual Meeting 2022, 01-04 May 2022, poster presentation, “Age-

related changes in optical density and geometry of human crystalline lens 

measured with SS-OCT”, Ashish Gupta, Ebrahim Safarian Baloujeh, Daniel 

Ruminski, Alfonso Jimenez-Villar, Raul Duarte-Toledo, Grzegorz Gondek, 

Pablo Artal, Ireneusz Grulkowski.  

7. Photonics West 2022, 22-27 January 2022, oral presentation, “Phase analysis of 

the OCT signal from human crystalline lens during accommodation”, Daniel 

Ruminski, Alfonso Jimenez-Villar, Ashish Gupta, Pablo Artal, Ireneusz 

Grulkowski. 

8. Photonics West 2022, 22-27 January 2022, oral presentation, “Impact of ultrafast 

motion on signal in SS-OCT and method for correction of motion-related image 

artifacts”, Ashish Gupta, Daniel Ruminski, Grzegorz Gondek, Ireneusz 

Grulkowski. 

9. Frontiers in Optics and Laser Science 2021, 01-04 November 2021, oral 

presentation, "Correlation of image artifacts related to high speed motion in 

swept-source OCT", Ashish Gupta, Daniel Ruminski, Ireneusz Grulkowski. 

10. Optics and Photonics for Scientific Progress 2021, 13-14 April 2021, “In-vivo 

imaging of crystalline lens sutures pattern with bench-top SS-OCT system”, 

Ashish Gupta, Alfonso Jimenez-Villar, Raul Duarte-Toledo, Daniel Ruminski, 

Silvestre Manzanera, Spozmai Panezai, Juan Mompean, Pablo Artal, Ireneusz 

Grulkowski. 
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11. Photonics West 2021, 06-11 March 2021, oral presentation; “In-vivo three-

dimensional imaging of crystalline lens sutures”, Ashish Gupta, Daniel 

Ruminski, Alfonso Jimenez Villar, Raúl Duarte Toledo, Silvestre Manzanera, 

Spozmai Panezai, Juan Mompean, Pablo Artal, and Ireneusz Grulkowski. 

12. Photonics West 2020, 01-06, February 2020, Poster Presentation; “SS-OCT 

reveals crystalline lens sutures” Ashish Gupta, Daniel Rumiński, Silvestre 

Manzanera, Pablo Artal, and Ireneusz Grulkowski. 

13. 4th Polish Scientific Networks, 19-21 September 2019, Poster Presentation, 

“High-resolution in-vivo visualization of opacifications of the human eye 

vitreous”, A. Gupta, D. Rumiński, S. Manzanera, E. Safarian Baloujeh, J. 

Sebag, P. Artal, I. Grulkowski. 

14. 4th Polish Scientific Networks, 19-21 September 2019, Poster Presentation, 

“Three-dimensional visualization of the crystalline lens sutures for the 

assessment of aging processes in the eye”, D. Rumiński, A. Gupta, S. 

Manzaner, J. Sebag, P. Artal, I. Grulkowski. 

15. 3rd Interdisciplinary FNP Conference, 11-12 April 2019, Poster Presentation, 

“High-resolution imaging platform for in-vivo visualization of opacifications of 

the human eye vitreous”, D. Ruminski, S. Manzanera, E. Safarian Baloujeh, A. 

Gupta, R. Pakulski, J. Sebag, P. Artal, and I. Grulkowski. 

16. Photonics West 2017, 28 January - 02 February 2017, Poster presentation, 

“Optimal selection of laser modulation parameters in photothermal optical 

coherence tomography”, Ashish Gupta, Martin Villiger, Nima Tabatabaei. 

17. International Conference of Telecommunication and Networks (TELNET’13), 

27-28 February 2013, Poster presentation, “Holography: A Cyber World”, 

Ashish Gupta, Aprajita Sharma. 

18. Recent Trends in Applied Physics & Material Science (RAM 2013), 01-02 

February 2013, Poster presentation, “Optogenetics: Past, Present and Future”, 

Arun Kumar, Ashish Gupta. 
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A.3 Passive Conference Participation 

1. Presbiopia 2019, Łódź, Poland, in-person. 

2. FiO LS Conference 2020, online. 

 

A.4 Participation in organizing academic conferences 

1. The 25th International Workshop on Quantum Systems in Chemistry, Physics 

and Biology (QSCP), 19-24 June 2022, Torun, Poland. 

2. Quantum Optics X, 5-11 September 2021, Torun, Poland. 

3. The 14th School on Acousto-Optics and Applications, 24-27 June 2019, Torun, 

Poland. 

4. International Conference of Telecommunication and Networks (TELNET), 27-

28 February 2013, Noida, Uttar Pradesh, India.  

 

A.5 Academic Awards 

1. PROM project II, 2019 – For attending and presenting my work at the 

international conference Photonics West 2020, San Francisco, USA. 

2. IDUB OPTOFOTO 2020/2021 - For accomplishment made in my research 

project, presenting the results in reputed conferences, and publishing in a reputed 

journal. 

3. IDUB OPTOFOTO 2021/2022 - For accomplishment made in my research 

project, presenting the new results in reputed conferences, and producing results 

for another manuscript. 
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A.6 Funding 

1. Foundation for Polish Science within the Smart Growth Operational 

Programme 2014–2020 of the European Union (TEAM Programme, # 

POIR.04.04.00-00-5C9B/17-00). 

2. Polish National Science Centre (OPUS Programme, #2018/31/B/NZ5/02156). 

 

 

 

 


