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1 Introduction

According to the World Health Organization (WHO), 285 million people were estimated to be visually
impaired worldwide in 2004, and 80% of them could be prevented or cured [1]. In 2017, another study
estimated that 28 million people were blind and 216,6 million people had moderate to severe visual
impairment [2]. In fact, vision plays a key role in human life: people with reduced visual acuity is 1.7 more
likely to have a fall [3]; studies indicate that increasing uncorrected refractive errors had an increasingly
detrimental effect on driving performance [4]; and one cause of scholar failure is visual impairment [5]. In
2012, the annual market of ophthalmic products was over 20 billion Euros. Even more, eye care products,
diagnostic instruments and eye surgery exceeded 57% of revenues [6]. Therefore, research on human vision
and eye optics has a direct impact on society as it can much contribute to improve people’s life quality.
Properties of spatial vision, and specifically visual acuity, depend on the retinal image quality and brain
processing. The retinal image is affected by three optical phenomena: diffraction, aberrations and scattering
[7]. Diffraction is described by the Huygens-Fresnel principle for which in a propagating wave, each point
can be understood as a point source of a spherical wave. When a wave encounters an obstacle with the size
of the order of magnitude of the wavelength, interferences are produced due to phase summations.
Aberrations are caused by wavefront deformations. They can be classified in low-order and high-order
aberrations (HOA) owing to the order of the Zernike polynomials in which they are often decomposed [8]
(Figure 1.1). Low-order aberrations account for approximately 90% of the overall eye wavefront aberration.
Myopia, hyperopia and astigmatism are of this kind and can be prescribed either using manifest subjective
and objective refraction methods, while they can be corrected by means of glasses, contact lenses and
refractive surgery. On the other hand, high-order aberrations such as coma, trefoil and spherical aberration
cannot be easily corrected regardless the use of specific customized systems of refractive surgery.

Figure 1.1. From left to right, aberrated wavefront, spherical wavefront and wave aberration map calculated as the
difference between them (Source: Marcos 2005 [7]).
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Whereas the two causes of retinal image distortion mentioned above are explained by the wave behaviour
of light, scattering can be understood from its particle behaviour (i. e., photons). Thus, scattering is the
deviation of photons or light rays due to photons’ collisions because of media disturbances. And this may
result in a veil of light over the retinal image (straylight); That is, the retina receives light at locations that
do not optically correspond to the direction the light is coming from [9] (Figure 1.2).

Figure 1.2. Illustration of retinal straylight with the image of the outside world (left) and its projection on the retina (right)
(Source: van den Berg 2010 [10]).

This phenomenon is somehow very similar to what occurs in a game of billiard, when balls collide with
each other influencing their trajectories. If the particles that produce the scattering are small compared with
the wavelength, the phenomenon is called Rayleigh scattering. Within this domain, the scattered light
intensity is proportional to λ-4, where λ is the wavelength. The blue colour of the sky is an example of this;
the white light coming from the sun is scattered by the atmosphere particles (blue light is the shortest visible
wavelength). On the other hand, the scattering produced by particles with similar size to the wavelength is
called Mie scattering. A well-known example of Mie scattering is the white colour of the milk, where all
wavelengths are scattered in the same proportion.
Regarding the effect of scattering in the eye, it induces a luminous veil superimposed on the retinal image
as commented above, which reduces the contrast and results in glare and hazy vision [11]. The cornea, a
transparent tissue that constitutes the first and more powerful optical component of the eye (40 D
[Dioptres]), and the lens, a biconvex structure with an optical power of approximately 20 D in far vision
conditions, are the main sources of intraocular scattering (especially the last one).
Cataracts are responsible of 51% of world blindness and linked to a large amount of scattering produced in
the lens [1]. They appear because of the denaturalization of proteins of the lens with age and, as a result, it

28

Introduction
becomes opaque causing a dramatic increase of scattering [12]. Cataracts can be easily treated nowadays
by means of surgery in which the lens is replaced by an artificial one. According to a review carried out by
Gimbel and colleagues about the consequences of waiting for cataract surgery, a delay of 6 months in the
surgery may result in a decrease of patient’s vision and quality of life, the loss of driver's license, depression
and adverse events including falls and fractures [13]. Consistent with this, as the WHO estimates, cataract
surgery can allow people to increase their economic productivity 1500% of the cost of the surgery.
In this context, the assessment of intraocular scattering has been shown to be a potential tool to diagnose
cataracts’ severity. This is not a trivial issue since it is not possible to place a detector on the patient’s retina.
Traditionally, visual impairment due to scattering has been evaluated using clinical psychophysical tests
such as visual acuity and contrast sensitivity charts with or without a glare source. However, there are some
methods that deal with the assessment of backscattered light, such as the slit lamp. However, this light does
not reach the retina as it travels away from it, and thus it does not affect vision. In the last years, other
methods able to measure objectively the scattering of the whole eye by means of forward scattering (light
reaching the retina and thus affecting vision) have also been proposed like double-pass (DP) technology.
Nevertheless, there is not yet any objective technique capable of measuring the intraocular scattering and
determining from which part of the eye it is coming from, i. e., the cornea, anterior chamber, lens and
vitreous.
Accordingly, the aim of this thesis is to develop a novel technique based on the Purkinje images for the
objective and independent assessment of scattering caused by different parts of the eye. Specifically, we
propose the analysis of the third (P3) and fourth (P4) Purkinje images formed by reflection of light by the
first and second surfaces of the lens to do so. The hypothesis behind this is that P3 is affected by the light
scattered in the cornea (and also in the anterior chamber), while P4 is affected by the former sources of
scattering as well as that produced inside the lens.
In order to reach the goal of this thesis, the following stages have been completed:
1. Review of the methods to assess intraocular scattering.
2. Design and development of an optical-bench setup and a clinical prototype to acquire the
Purkinje images.
3. Definition of parameters to account for scattering coming from different ocular structures,
mainly the cornea and the lens.
4. Validation of the novel method at the laboratory level.
5. Validation of the novel method in a clinical environment.
This thesis is structured in nine chapters including this one as introduction.
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Chapter 2 provides a description of the different topics covered by this work. It is dedicated to review the
sources of scattering in the human eye and describe the state of the art of methods for its assessment. Finally,
the theoretical basis of the Purkinje images formation and corresponding properties are also given.
Chapter 3 describes the experimental system developed. In the first section, optical simulations about the
light distribution of the Purkinje images due to scattering in different ocular media are provided as well as
relevant considerations to be taken into account as the basis to design the novel Purkinje system. Then a
detailed description of the laboratory experimental setup as well as the proposal of novel parameters to
measure scattering from the light distribution of the Purkinje images are given. The improvements needed
to build the final prototype to work in a clinical environment are also discussed. Finally, the light-hazard
calculations linked to safety issues are reported in detail.
Chapter 4 focuses on the validation of the technique proposed at the laboratory level. Two experiments
were carried out for this purpose. Firstly, it was validated using artificial eyes with different levels of corneal
and lens scattering. Secondly, we performed an experiment in-vivo, including eyes from a small group of
volunteers of different ages.
Chapter 5 reports the outcomes of a clinical study that was conducted later. In this study, healthy eyes were
included as a control group as well as others with cataracts and corneal disorders. Finally, the system was
also validated with healthy young eyes with different levels of corneal scattering simulated by means of
scattering-customized contact lenses.
Chapters 6, 7 and 8 contain the most relevant conclusions of this work and lines of future research and
dissemination of the work done in this thesis.
Finally, the bibliography used in this thesis and the appendices containing the data sheets of components
of the system, the instrumentation used, and the documentation related to ethical issues are presented.
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2 State of the art

The quality of vision depends on the optics of the eye and the neural processing. As indicated in the
introduction, the image formed on the retina by the ocular optics can be affected by diffraction, aberrations
and scattering.
As a first approximation, the light scattering can be understood as changes in the trajectory of light due to
collisions between photons and particles. However, it is a more complex process. From a classical approach,
scattering is the deviation of an electromagnetic wave (incident ray) when it interacts with a scattering
particle or surface. The interaction between the electric field of the incident light and the scatter particle
results in a periodically oscillation of the electron orbits of the particle’s molecules. Due to the oscillation,
the distance between electrons (negative charge) and the nucleus (positive charge) changes, producing an
induced dipole moment that acts as an electromagnetic radiation source. Therefore, the molecule emits light
in different directions with respect to the incident light (scattering) [14]. If the emitted light is of the same
wavelength as the incident light, the scattering is called to be elastic; if the wavelengths of the incident and
emitted light are different, it is non-elastic scattering.
Scattering is also described by quantum optics. For simplicity, the description of the phenomena will be for
a 2-level atom, although it can be applied to more complex systems. In this context, the lower energy state
(E0) is called ground state and the higher energy state (E1) is called excited state. A photon that encounters
an atom with the electron at the ground state can be absorbed if its energy (ħω) is the same as the difference
of energies between the ground and excited states (E1 – E0 = ħω). If the photon is absorbed, the electron is
excited to the upper level. However, due to uncertainty principle [15], energy and time cannot be definite
simultaneously; in other words, the shorter the time interval is, the more energy values are allowed. This
means that a photon can be absorbed even if its energy is not equal to the difference between levels (E1 –
E0 ≠ ħω). In this situation, the electron is excited to a virtual energy state for a short time. After this short
time interval, the electron is de-excited to the ground state and a photon is emitted in a random direction.
Thus, a photon is absorbed and emitted in a new direction as a bouncing between particles.
Two different frameworks have been developed to describe the theory of elastic light scattering: Rayleigh
scattering (Lord Rayleigh (1842-1919)), which is valid for small particles; and Mie Scattering (Gustav Mie
(1869-1957)), which is a solution for Maxwell’s equations describing the scattering of a plane wave by a
spherical particle. In fact, Rayleigh scattering is an approximation of Mie Scattering only valid for

2𝜋𝜋𝜋𝜋
λ

≪1

where r is the radius of the particle and λ is the wavelength of the incident wave in the surrounding media.

Small particles are then defined as those following this inequality. Scattering intensity in the Rayleigh
picture has a strong dependence on the wavelength ( 𝐼𝐼 ∝ λ−4); as a consequence, shorter wavelengths

(bluish in the visible spectrum) are scattered more strongly than longer ones (reddish in the visible
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spectrum). For larger particles, the scattering phenomenon is described by the Mie theory and there is no
wavelength dependence.
Since scattering deviate photons from their initial trajectory, some of them entering in the human eye arrive
at retinal locations that they should not reach and result in a veil of straylight over the retinal image. This
has a significant impact on retinal image contrast for scenes containing a bright light source, such as those
found in typical night driving [16] (Figure 2.1).

Figure 2.1. Simulated images without (left) and with scattering (right). Scattered light reduces retinal image quality
owing to a decrease in the contrast of the retinal images.

2.1

Sources of intraocular scattering

Scattering in the eye can be produced in the tear film, the cornea and the crystalline lens, although aqueous
and vitreous humours can also have a role.
Tear film is a liquid layer that protects the eye from the surrounding environment and the eyelid touch
during blinking. It also provides nutrients to the cornea and allows having a good optical surface quality
minimizing irregularities of the first corneal surface. A loss of homogeneity in the tear film due to local
variations of its thickness [17] can have an impact on the retinal image. On the one hand, aberrations are
introduced as long as the optical path depends on the tear film thickness, which means that for an irregular
tear film the wave front is modified [18]. On the other hand, breaks in the tear film expose the irregular
anterior surface of the cornea [19] increasing the scattering [20], [21]. Behrens and co-workers [22]
proposed the term dysfunctional tear syndrome for dry eye disease. It affects 14% to 33% of the population
worldwide [23], being the aging and the use of contact lenses the main causes.
The cornea is a convex-concave lens with a power around 40 D that has a structure built-up of collagen.
The collagen fibres of the cornea are disposed in a transparent layer called stroma, in between the corneal
epithelium and endotelium. It tends to absorb shorter wavelengths, especially ultraviolet (UV) (280 nm315 nm), and blocks wavelengths above 2000 nm [24]. Mechanical distortion of the cornea as well as
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damages and disorders of the epithelium, stroma and endothelium can cloud the cornea, inducing scattering
and thus affecting the retinal image [25]. Farrell and colleagues [26] found a corneal scattering inversely
proportional to the third power of the wavelength in in-vitro normal rabbit corneas. A more recent study
[27] with enucleated eyes of pigs and rabbits found the same relation between cornea scattering and
wavelength. Corneal edema due to surgery, infection and over-wear of contact lenses also affect corneal
transparency and thus can cause intraocular scattering.
The crystalline lens, which is biconvex, has a variable optical power that allows focusing at different
distances and achieving a good retinal image for near and far objects. It absorbs UV light, mainly from 300
nm to 400 nm (UVA). Because of the age and the denaturalization of proteins, the lens becomes opaque
causing a dramatic increase of scattered light. In fact, it can be considered the main cause of intraocular
scattering. Theoretical [28] and empirical [29] studies related to age determined that lens scattering does
not exhibit wavelength dependence as the age increases. As described in the introduction, this common
disease is called cataract, and can be treated by surgical replacement of the lens by an artificial one.
In turn, depending on the location of the lens opacification, cataracts can be classified from a morphological
point of view as:
-

Nuclear: the opacification is originated in the nucleus of the lens. It leads to a notable decrease of
the retinal image quality.

-

Cortical: the opacity appears at the equatorial zone of the crystalline lens. It might not affect the
retinal image until intermediate stages of the cataract.

-

Posterior subcapsular: in this case, the altered zone is the posterior crystalline capsule. The retinal
image is generally highly affected by this kind of cataract.

The aqueous (between the cornea and the lens) and vitreous (between the lens and the retina) humours can
be also a source of scattering [30] and might affect the retinal image under severe inflammatory processes
(e. g., Tyndall’s effect).

2.2

Methods to measure intraocular scattering

The current existing methods to measure or quantify intraocular scattering are presented in the following
sections. The fundamentals of each method are described as well as the advantages and drawbacks. The
methods are divided into subjective and objective. The first ones refer to those where the result or
measurement strongly depends on the examiner criteria or the patient choice, which induce therefore high
variability. In order to overcome this, objective methods to measure the intraocular scattering have been
developed in the last years.
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2.2.1

Subjective Methods

Clinically used methods to quantify scatter are based on psychophysical procedures, i. e., they need the
active participation of the patient and thus, they are subjective. The most often used include from contrast
sensitivity tests to more sophisticated systems such as the C-Quant instrument. Besides psychophysical
tests, physicians also evaluate intraocular scattering of the eye by means of the slit lamp, which provides
valuable information. In this case, the evaluation is strongly linked to the ophthalmologist criteria and
therefore, this method is also considered as subjective. All them are described below.
Contrast sensitivity charts
This is one of the most widely used techniques to evaluate visual impairment. Essentially, the patients’
contrast sensitivity refers to the minimum contrast that the visual system is able to distinguish for each
spatial frequency (cycles per degree [c/d]). Figure 2.2 shows the typical contrast sensitivity function (CSF)
obtained in adult population. It depends on the eye’s optics but also on the neural process that takes places
from the retina to the visual cortex. As it can be seen, the contrast sensitivity has a passband shape, being
its maximum located at intermediate frequencies (4-10 c/d) while it is lower at higher and lower ones. The
decrease at high frequencies is mainly caused by aberrations of the optics as well as photoreceptors density
and size. The decrease at low frequencies is due to the lateral inhibition of ganglionar cells of the retina.
The contrast sensitivity also depends on the level of illumination and other factors.

Figure 2.2. Typical contrast sensitivity function at photopic, mesopic and scotopic levels of illumination. The frequency
(c/d) increases from left to right. The contrast increases from top to bottom.
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CSF is often measured by means of tests including sinusoidal gratings with different spatial frequencies
and contrasts [31]–[33], but it can also be evaluated using optotypes (letters or Snellen charts) with variable
size and contrast [34].
As an example, Figure 2.3 shows the commercially available systems Vision Contrast Test System (VCTS)
and CSV-1000. The first one has five different spatial frequencies (1.5, 3, 6, 12 and 18 c/d) and 9 different
contrasts for each frequency. The second is a retro-illuminated screen that contains sine-wave gratings with
spatial frequencies of 3, 6, 12 and 18 c/d and 8 different contrasts for each frequency.

Figure 2.3. Vision Contrast Test System (left) and CSV-100 (right). Both include sinusoidal gratings with different
contrast (columns) and frequency (rows). Orientation is used to evaluate if the patient can detect the grating or not in
the first one while the second uses a two alternatives forced choice method.

Recently, computer generated charts have also been developed [35]. The advantage of displaying images
on LCD (Liquid Crystal Device, an electronic display device where the luminance of each pixel is
electronically controlled) monitors is the possibility of varying and control the contrast although sometimes
specific displays are required as those typically used of 8-bit depth are above the human’s contrast
threshold.
It is worth noting that defocus mainly modifies the CSF at high frequencies, reducing therefore the CSF
cut-off frequency (the highest perceived frequency at highest contrast), and therefore it is linked to the
patient’s visual acuity. However, intraocular scattering reduces homogeneously the CSF for all frequencies
and this is the reason why in such case, the assessment of the visual acuity is not enough to analyse visual
deterioration.
Sometimes, the effects of scatter on vision, which are basically glare, are also analysed by means of a
contrast sensitivity test together with a bright source. Specifically, the CSF of the patient is compared with
and without the presence of the source. There are commercial devices to perform this measure. The glare
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testing system CSV-1000HGT (Vector Vision) is a retro-illuminated screen (Figure 2.4) similar to the CSV1000 but containing a glare source.

Figure 2.4. CSV-100HGT, a contrast sensitivity test containing a glare source.

Another commercial instrument available is the Brightness Acuity Tester (BAT) [35] (Figure 2.5). The
patient looks through the device, which can simulate different illumination conditions. In combination with
contrast sensitivity tests, it provides the CSF and its variation under different illumination conditions.

Figure 2.5. Patient using BAT (Source: Holladay et al. 1987 [36]).
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Equivalent veil luminance
At the beginning of the past century, an experimental scene to quantify the intraocular scattering [37], [38]
was proposed. It relies on the fact that looking a target with the presence of a distant glare source is
equivalent to look at the same target with the presence of a homogeneous background illumination. The
goal of this method is to find the equivalent luminance (also called equivalent veil), Lv, which depends on
the glare source used as well as the scattered light present in the patient’s eye (Figure 2.6). The glare source
is located at an eccentricity ϑ from the eye and produces an illumination Eglare at the pupil’s plane.

Figure 2.6. Schematic of the equivalent veil luminance fundamentals. Lf is the background and Lv is the equivalent
background to reproduce the distant glare source effect.

Having a variable homogeneous background illumination, the patient is asked to choose the intensity
needed to see the target similarly to the glare source situation. The more intraocular scattering, the more
background intensity is needed to achieve the equivalent Eglare in the presence of the glare source.
Empirically, it has been found that Lv for normal eyes can be calculated using the following equation
(Equation 2.1):
𝐿𝐿𝑣𝑣 (𝜗𝜗) =

10𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

Equation 2.1

𝜗𝜗2

Other equations to calculate Lv have been proposed including other factors like age, iris pigmentation or
pupil size. In 2003, Vos [39] proposed the following one, which is now the general glare equation used:
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Equation 2.2

where p is the pigmentation factor and takes values from 0 to 1.2, being 0 a black eye and 1.2 a very light
pigmented iris.
As it can be seen, age is a relevant parameter and has a deep impact on glare measurements. The reason is
that with age, scattered light in the eye notably increases mainly due to opacification of the lens, which is
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in charge of absorbing UVA along the whole life. Simultaneously, the crystalline lens has a period of growth
throughout adulthood where new cells spread along the meridians, forcing older cells towards the nucleus
and becoming compressed, which results in a loss in lens transparency [40].
This method was laborious and therefore unsuitable in the clinical practice, with large variations reported
between results obtained in different groups [41].
Direct Compensation Method
The direct compensation method was presented by van den Berg in 1986 [42] in order to improve the
uncertainties from the equivalent veil technique. In 1992, it was implemented in a portable device
(straylight meter) by van den Berg and IJspeert [43].
The straylight meter was a 5 cm diameter tube containing concentric annulus of light-emitting diodes
(LEDs) and a test patch at the centre (Figure 2.7). The working principle of the technique relied on the
amount of scattered light emitted by the rings reaching the centre of the retina (where the image of the test
patch is formed).

Figure 2.7. Schematic of straylight meter. Test patch at the centre of 1 degree of arc surrounded by a bright annulus
of 2.5 degrees and three circumferences of light-emitting diodes at 3.5, 10 and 28 degrees, respectively. (Source: van
den Berg et al. 1992 [43]).

To measure the straylight, the patient starts looking inside the tube with the test patch off while the
modulation depth of the second ring (10 degrees of arc) increases until the patient is able to identify light
flickering in the test. At this point, the modulation depth of the ring is increased 4 times and the test is
illuminated with a counterphase modulation (when the ring turns off, the patch turns on and vice versa).
The test intensity increases until the flickering is undistinguishable t the patient (Figure 2.8). The procedure
is repeated for the rings positioned at 3.5 degrees and 28 degrees.
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Figure 2.8. (Left) The ring is on and the test is off; note that a portion of light is reaching the central region of the retina
due to scattering. (Right) The ring is off and the test is off (top) and on (bottom). (Top) the patient sees a flickering
because the test is not compensating the scattered light from the ring. (Bottom) the test compensates for the scattered
light and the patient cannot detect the flickering.

Studies about the aging effects [44], iris pigmentation [45] and the ratio between forward and backscatter
in different kinds of cataracts [46] were published using this method. Forward scattering refers to scattered
light reaching the retina (i. e., in the same direction of incident light) while backward scattering is that in
the opposite (backward) direction. In the cited study, the authors found a significant correlation between
age and scattering. Differences between light-blue and brown-dark eyes were reported, having the first ones
more than two orders of magnitude of transmitted light. The results when comparing forward and
backscatter showed that each kind of cataract (nuclear, cortical and posterior subcapsular) has a different
and characteristic mean ratio between these quantities. However, there was a variation among individuals,
especially for cortical and posterior subcapsular cataracts. The publication concluded that, as a rule, forward
scatter cannot be derived from backscatter. As it will be seen in the end of this section, the slit-lamp method,
which is widely used clinically, provides information of backscattered light. Consequently, new methods
for the assessment of forward intraocular scattering are still being developed nowadays.
Although the direct compensation method was important in the research of intraocular scattering, it has
some drawbacks. It uses high intensity visible light, which is not comfortable for patients. Furthermore,
there is no control of measurement reliability since there is no reference to check the patient’s answer (the
contrast sensitivity charts have different orientations for each grating in order to check the veracity of the

39

State of the art
answer) [47]. And sometimes it is not clear for patients to determine when the flickering disappears. This
is the reason why it is no longer used.
Compensation Comparison Method
As commented above, in the direct compensation method it is often not easy to identify the light intensity
needed to compensate for the flickering. Accordingly, a modified version of this technique was later
developed where a “two alternatives forced choice” was introduced to solve this issue [48], [49]. In this
new approach, just one half (randomly chosen) of the central test is illuminated with counterphase
modulated light (Figure 2.9). The patient must choose which one of the two halves is flickering more
strongly (note that the two halves could flicker, but they will have different “flickering intensity”), which
is an easier task.
The compensation comparison method has been implemented in a commercial device called C-Quant
(Oculus Optikgeräte GmbH,Wetzlar, Germany).

Figure 2.9. Commercial device (left) and schematic of the field of view in the C-Quant device (right) (Source: Franssen
et al. 2005 [49]).

By definition, if the patient determines that the flickering side is the half without compensation, the result
is 0; if the patient determines that the flickering side is the half with compensation, the result is 1. The
results are fitted with the psychometric function in order to minimize human error [49].
This psychophysical method is able to measure the effect of intraocular scattering in the patient’s vision
(including optics and neural contribution). Even the two alternatives forced choice is a huge improvement
for the reliability of patients’ decision, subjective measurements could still induce to false-negative or falsepositive results. Another drawback of this method is that for many of the patients with cataracts, who are
the most affected by scatter, it is difficult to perform the demanded task.
Slit lamp biomicroscope
The combination of a microscope and a slit lamp (light source) is a widely used method to explore clinically
the anterior segment of the eye. It requires the skills of the clinician and usually the dilation of the patient’s
pupil if the lens is to be observed. Physicians usually use it as a means of grading cataracts. A cataract grade
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classification called Lens Opacities Classification System III (LOCS III) [50] was created from slit lamp
images (Figure 2.10) trying to diminish the intrinsic variability of the method depending on the examiner’s
criterion used. LOCS III is the third generation of cataract grade classification for slit lamp images. It
includes 6 levels of nuclear opalescence (NO) and colour (NC) for nuclear cataracts, and 5 levels for cortical
(C) and posterior subcapsular (P) cataracts. The improvements from LOCS II to LOCS III are equal
intervals between standards, an increase of standard images, the incorporation of decimal grading and a
reduction of tolerance limits.
It is worth noting that slit lamp images are obtained with backscattered light. In-vitro studies in human
donor lenses showed that forward and backscatter have different behaviour, which might depend on the
particle size [51], [52]. Accordingly, forward scatter cannot be derived from backscatter [46] although they
are somehow related.

Figure 2.10. The LOCS (Lens Opacities Classification System) III standard (Source: Chylack et al. 1993 [50]).
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2.2.2

Objective Methods

A review of the up-to-date objective techniques used to quantify intraocular scattering is presented in the
following pages. As formerly mentioned, they try to overcome the variability that subjective methods show
seeking to find methods that neither require the active participation of the patient nor the examiner.
Scheimpflug cameras
For a lens and image planes that are parallel, the focus plane is also parallel to them. If a planar object is
parallel to the lens and the image plane, it can coincide with the focus plane. However, if the object is not
parallel, just a region of the object will be in focus (Figure 2.11). The Scheimpflug principle introduced in
1904 by Theodor Scheimpflug [53] is a geometrical description to focus an object when it is not parallel to
the image plane. It determines the position and orientation of the planes in order to achieve a planar object
to be completely in focus.

Image
Plane

Lens
Plane

Focus
Plane

Object

Figure 2.11. Example of non-parallel object and image planes where just an object section is in focus. Real image (left)
and schematic of planes (right) (Source: Jain et al. 2009 [54]).

In a Scheimpflug camera, the slit beam (the light used to illuminate the eye section), the objective lens, and
camera sensor are positioned in such a way that a cross-section of the object (in our case the eye) appears
in focus [55] (Figure 2.12).
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Figure 2.12. Optical design of the Scheimpflug camera to view the cross-section of the eye.

Vivino and co-workers developed a Scheimpflug slit lamp camera system for quantitative densitometric
applications of ocular structures [56]. According to Beer studies [57], the medium concentration is
proportional to the optical density (OD). The Scheimpflug slit lamp camera system was used to find a
correlation between OD and cataracts. The system was designed to objectively measure OD in three
different anatomical parts of the lens (anterior, nuclear and posterior) (Figure 2.13).

Figure 2.13. Output obtained with the Scheimpflug slit lamp camera system. Width is the layer’s width in mm, Mean is
the OD and the Percentage of Error % corresponds to the saturated and underexposed pixels for each anatomical part
of the lens. The LOCS score is determined by a physician, not by the Scheimpflug system (Source: Vivino et al. 1993
[56]).
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In recent studies, the Scheimpflug system has been compared with the LOCS III scale [58]. Authors have
reported a positive linear correlation between the Scheimpflug-measured lens nuclear density and the LOCS
III grading scores for nuclear opalescence (NO) and nuclear colour (NC) (r = 0.734 and 0.719, respectively).
According to the former results, the Scheimpflug technique can be used as an objective numerical value for
cataract grading. Moreover, this technique is able to distinguish opacities of different anatomical parts of
the lens. Nevertheless, measurements are obtained using backscattered light, similarly to the slit lamp
technique, and thus outputs can differ from those obtained with the scattered light reaching the retina [46],
which is actually impairing patient’s vision.
Dynamic light scattering (DLS)
The objective techniques described so far have a macroscopic approach. Dynamic light scattering (DLS)
analyses the eye properties in a microscopic scale. The eye is illuminated by coherent light and the scattered
light is recorded by a photodetector (Figure 2.14). The eye molecules are assumed to have a Brownian
motion (i. e., random walk) [59]. The light intensity scattered by the eye molecules fluctuates since the
relative position between molecules changes with time. In other words, for constant illumination intensity,
the recorded intensity has small variations in time due to the molecules movement. In order to obtain
information about the recorded signal, the autocorrelation is computed (Equation 2.3):
𝑔𝑔2 (𝜏𝜏) = 〈𝐼𝐼〉[1 + 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽(−2Γ𝜏𝜏)]

Equation 2.3

where I is the average recorded intensity, β is an empirical constant, Γ is related with the diffusion

coefficient (by means of the wavelength, scattering angle and refractive index) and 𝜏𝜏 is the time shift. A

more detailed description can be found elsewhere [60].

Figure 2.14. Schematic drawing of NASA's fiber-optic eye diagnostics device (Source: Ansari et al. 2004 [60]).
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The autocorrelation can be understood as the comparison between the signal and the signal itself shifted in
time (Figure 2.15).

Figure 2.15. Example of the autocorrelation curve. The signal is compared by itself shifted in time (Source: Schwille et
al. 2001 [61]).

Since the intensity changes are caused by the molecules movement, the decay of the autocorrelation curve
is related with their diffusion coefficient. Light intensity scattered from slow particles fluctuates slowly,
while light intensity scattered from fast particles fluctuates rapidly. Moreover, from the Stokes-Einstein
relationship it is known that the diffusion coefficient of a spherical particle in an aqueous solution is
inversely proportional to the particle hydrodynamic radius [62]; knowing the diffusion coefficient, the
particle size can therefore be calculated.
In a recent study [63] using DLS, it was shown that the particle size distribution in normal eye’s tears is
smaller than 50 nm in diameter, while the size distribution for aqueous-deficient dry eyes is up to 300 nm
in diameter. Therefore, the authors concluded that aqueous-deficient dry eyes is likely to be a protein
conformational disease.
Studies have shown that DLS is also sensitive in early cataract detection [64]–[66]. Ansari and co-workers
[67] compared Scheimpflug images with particle size distributions measured with DLS (Figure 2.16). To
compare the two methods, they studied cold cataracts in calf eyes. Cold cataracts refer to cataracts that
appear as temperature decreases, providing a complete control on the cataract degree. The results showed
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that when the temperature drops, the particle size distribution changes while the OD units calculated from
the Scheimpflug images do not change until 11ºC. Accordingly, it was shown that DLS is more sensitive
than Scheimpflug images to detect early cataracts.

Figure 2.16. Comparison of DLS and Scheimpflug images in calf eyes with induced cold cataract. (Left) Particle size
distribution from the DLS measurements. (Right) Scheimpflug images. Temperature increases from top to bottom
(Source: Ansari et al. 1998 [67]).

However, DLS is not the best technique when dealing with eyes with high degree of opacity. Fluctuations
in the intensity signal are mainly caused by a particle going in or out of the illumination volume. A high
opacity implies a high concentration of scatter particles. The higher the concentration, the more probability
of having more than one particle going in or out of the illumination volume at the same time, which makes
the analysis of intensity fluctuations impossible. Additionally, for the calculations of the particle size, a
constant lens refraction index and viscosity are assumed while nowadays, it is not clear how the lens
viscosity changes due to cataract formation [60].
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In summary, DLS provides information about the size distribution of particles but it does not measure
scattering affecting the retinal image. However, it has been shown that the size distribution is related with
eye diseases like aqueous-deficient dry eye and cataracts.
Shack-Hartmann (SH) wavefront sensor
The Shack-Hartmann (SH) wavefront sensor was designed to measure wave aberrations. Using a microlenses array, a light beam is decomposed into several smaller beams and thus a camera detects a grid of
points (Figure 2.17). This grid of points is compared with a grid formed by a perfect free-aberration planar
wavefront. From the displacement of each point with respect to the point from the perfect beam, the
wavefront and the Zernike polynomials can be calculated.

Figure 2.17. Planar wavefront and its regular grid on the CCD sensor (left) and distorted wavefront and its irregular
grid on the CCD sensor (right) (Source: www.thorlabs.com).

To measure the aberrations of the eye, a collimated beam is sent to the pupil; the light is reflected at the
retina and separated from the illumination path using a beam splitter (BS 2), and finally reaches the microlenses array (ML array). The ML array decomposes the beam into several smaller beams and they are
detected by a camera. A second camera (pupil control) is used to align the system with the patient’s pupil.
The ML array is located at a pupil’s conjugate plane by means of a telescope (L1 and L2). The CCD (chargecoupled device) sensor is placed at the focal plane of the ML array and therefore it is at a plane conjugated
with the retina (Figure 2.18).
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Figure 2.18. Schematic of a SH setup. BS are beam-splitters, M are mirrors, L are lenses, FT is a fixation test, LD is a
laser diode and ML is a micro-lenses array (Source: Díaz-Doutón et al. 2006 [68]).

Although SH was designed to provide information about aberrations, researchers tried different strategies
to measure intraocular forward scattering by means of this technique. Donnelly and colleagues [69] studied
the intensity distribution pattern formed by each lens. Their hypothesis was that the tails of the distribution
contained information about the intraocular scattering (Figure 2.19).

Figure 2.19. Simulation of a SH image limited by diffraction (left) and from an optical system with scattering (spreading
of intensity distribution) and aberrations (displacement of the points with respect to a squared grid (right) (Source:
Donelly et al. 2004 [69]).

Mihashi [70] explored two different strategies. The first one was to calculate the local contrast at each spot.
The hypothesis relies on the fact that scatter spreads the light intensity distribution. A free-scatter media
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should have a larger intensity contrast than a scatter media (Figure 19). The contrast was defined with the
following equation (Equation 2.4):
𝐼𝐼

−𝐼𝐼

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 +𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚

Equation 2.4

The results that these authors obtained showed a contrast difference between cataractous and noncataractous eyes. The inverse contrast in eyes with cataracts (5.04 ± 3.06 inverse contrast units) was
significantly larger than the one found in normal eyes (1.57 ± 0.56) and keratoconic eyes (1.83 ± 0.79).
The second way to assess intraocular scattering from SH measurements was about to compare the width of
the simulated intensity pattern distribution of each spot taking into account the measured aberrations, which
includes the system aberrations, and the width of the measured intensity pattern, which includes the system
aberrations and scattering. The authors found that the width of the intensity distribution, i. e., the Point
Spread Function (PSF), in cataractous eyes (81.8 μm ± 65.2 μm) was also significantly larger than that in
normal eyes (9.3 ± 4.3 μm) or keratoconic eyes (30.0 μm ± 20.1 μm). They concluded that both methods
were successful in distinguishing between cataractous and normal eyes. However, no objective
classification values to quantify the amount of scatter were provided.

Double-Pass (DP) technique
The fundamentals of the Double-Pass (DP) technique [71] are straightforward. A light beam is focused on
the retina and the reflected light is recorded using a camera. All information of the eye’s optics is included
in the recorded image intensity distribution.
The mainstream setup for the DP technique (Figure 2.20) uses a diode laser with a spatial filter as a point
light source. An infrared wavelength of 780 nm is often chosen for the patient’s comfort. The entrance pupil
(EP) is used to control for the beam diameter and it is placed at the pupil’s conjugated plane. By means of
a Badal system, the spherical refraction of the eye is compensated (two lenses (L3, L4) and two mirrors
(M4 and DF) where the distance between them can be modified). A 50-50 beam-splitter (BS2) is placed
between the entrance pupil and the first lens of the Badal system. In the first pass (the light going from the
light source to the eye) the beam is transmitted through the beam-splitter (BS2) to the Badal. In the second
pass (the light going from the eye to the camera), the light is reflected by the beam-splitter (BS2) to the exit
pupil (ExP). After the Badal, the image of the point source is formed on the retina through the optical
system of the eye, where it is reflected and repeats the same path in the opposite way until it is recorded
with the camera (CCD1) (note that the detector is optically conjugated with the retina). In order to reduce
the speckle pattern, a vibrator is included in a mirror to break the light coherence in the first pass. A fixation
target (FT) and another camera (CCD2) to align the eye are commonly used.
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Figure 2.20. Schematic of a DP system. LD is the laser diode, L are lenses, EP is the entrance pupil, BS are beam
splitters, FT is the fixation target, ExP is the exit pupil, M are mirrors, CCD1 is the DP camera, CCD2 is the pupil camera
to align the patient’s eye, IL are infrared LEDs to illuminate the pupil, DF is a dichroic mirror and L3, L4, M2 and M3
are the lenses and mirrors of the Badal system (Source: Díaz-Doutón et al. 2006 [68]).

The amplitude distribution of intensity at the retina (first pass) is the convolution of the object and the
impulse function of the eye (Equation 2.5) (Figure 2.21). Since the source is a point object in the first pass
(Equation 2.6), the intensity distribution at the retina is the PSF. The PSF in the first pass (PSF’) depends
on the diffraction (entrance pupil size), eye aberrations and intraocular scattering as follows:
𝐴𝐴′ (𝑥𝑥 ′ , 𝑦𝑦′) = ℎ′ (𝑥𝑥 ′ , 𝑦𝑦′) ⨂𝐴𝐴(−𝑥𝑥, −𝑦𝑦) = ℎ′ (𝑥𝑥 ′ , 𝑦𝑦′) ⨂𝕀𝕀
𝐼𝐼(𝑥𝑥 ′ , 𝑦𝑦′) = |𝐴𝐴′ (𝑥𝑥 ′ , 𝑦𝑦′)|2 = |ℎ′(𝑥𝑥, 𝑦𝑦)|2 = 𝑃𝑃𝑃𝑃𝑃𝑃′

Equation 2.5
Equation 2.6

where I is the intensity distribution, A is the amplitude distribution at the object plane, A’ is the amplitude
at the image plane, h’ the impulse function of the eye.
For the second pass, the object is the retinal image (PSF’) and the image recorded with the camera is the
convolution of the retinal image and the impulse function of the eye (Equation 2.7).
2

𝐼𝐼′′(𝑥𝑥 ′′ , 𝑦𝑦 ′′ ) = �ℎ′′(𝑥𝑥,𝑦𝑦) � ⨂𝐼𝐼′(𝑥𝑥 ′ , 𝑦𝑦 ′ ) = 𝑃𝑃𝑃𝑃𝑃𝑃′′(𝑥𝑥, 𝑦𝑦)⨂𝑃𝑃𝑃𝑃𝑃𝑃′(−𝑥𝑥, −𝑦𝑦)

Equation 2.7

where I’’ is the intensity distribution at the detector, h’’ is the impulse function of the eye (now the pupil is
the exit pupil) and PSF’’ is the PSF of the second pass [72].
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Figure 2.21. Example of image formation from the convolution of an object and the PSF of an optical system.

According to this, the final recorded DP image depends on the PSF of the eye’s optics. This means that the
DP image contains information about the diffraction, aberrations and intraocular scattering.
For a small entrance pupil (2 mm of diameter), the image in the first pass is almost not affected by the eye’s
optics and is determined by the pupil’s diffraction. Therefore, the retinal image can be calculated and
deconvolved from the DP image in order to assess the PSF of the second pass, i. e., the PSF of the eye.
Then, the image of the second pass corresponds to the correlation of the first pass image (which is known
as it is assumed to be limited by diffraction) with the actual ocular PSF, which contains information of
aberrations (higher-order) and scattering.
On the other hand, the modulus of the Fourier Transform of the PSF is the Modulation Transfer Function
(MTF). The MTF indicates how the contrast decreases through an optical system for each spatial frequency.
Note that for a frequency of 0 c/d the contrast cannot decrease; for this reason, the MTF is always
normalized at this value (it has a value of 1 at 0 c/d). The ocular MTF has a low-pass shape: its maximum
value is for 0 c/d and it decreases as the frequency increases due to aberrations, scattering and diffraction.
Using the convolution theorem, the MTF of the eye’s optics can be retrieved by dividing the MTF of the
DP image by the diffraction limited MTF as described elsewhere [72].
Figure 2.22 shows a comparison between a healthy young eye and the same eye with 4 D of induced
astigmatism and how the MTF decreases as the aberrations increase. The MTF meaning is similar to that
of the CSF explained in the contrast sensitivity charts section. However, it should be reminded that the CSF
includes the optical but also the neural processing while the MTF only depends on the optics of the eye
(Equation 2.8):
𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑀𝑀𝑀𝑀𝑀𝑀 · 𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

Equation 2.8
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Strehl Ratio = 0.219

FT

Strehl Ratio = 0.103

Figure 2.22. (Left) DP images in pseudocolor. (Centre) Averaged radial profile of the DP image (the intensity is in
arbitrary units). (Right) Averaged radial profile of the MTF. The top images correspond to a young healthy eye and the
bottom ones to an eye with 4 D of astigmatism (FT: Fourier Transform).

A commercial device based on the DP technique was developed some years ago (Visiometrics S.L.,
Cerdanyola del Vallès, Spain) for clinical use, under the name of HD Analyzer (Figure 2.23). This device
acquires the DP image of the patient’s eye and provides the corresponding MTF curve. From them, several
parameters to analyse the ocular optical quality are computed such as the MTF cut-off frequency and the
Strehl ratio. This last parameter is computed in the instrument in two dimensions as the ratio between the
areas under the MTF curve of the measured eye and that of the aberration-free eye [73]–[75].
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Figure 2.23. The HD Analyzer (Visiometrics S.L).

Besides the former parameters, the instrument also measures the Objective Scattering Index (OSI). This is
a parameter proposed by Artal and colleagues from the LOUM (Laboratorio de Óptica, Universidad de
Murcia, Murcia, Spain) in collaboration with the CD6 (Center for Sensors, Instruments and Systems
Development, Universitat Politècnica de Catalunya, Terrassa, Barcelona, Spain) [76] to quantify the
intraocular scattering from DP images. OSI has been defined as the ratio between the intensity recorded in
an annulus ring of 12 minutes of arc (’) to 20’ and the intensity at the central part (circle of 1’ of diameter)
of the normalized DP image (Figure 2.24).
As commented above, the DP images are affected by ocular aberrations and intraocular scattering. The ring
size was justified from the fact that the central part of the PSF of the human eye is dominated by aberrations
and that scatter is only present in areas far away from it. This can be considered a good approach if the eye
is not highly aberrated. Of course, to perform the measurements, the low-order aberrations of the eye must
be corrected. Actually, the defocus effect on the OSI has been studied, and it has been found that
uncorrected values over 1.0 D should be avoided [61].

Figure 2.24. DP images and the radial intensity average for two different scattering levels: low scattering (A) and high
scattering (B). The regions IR and I0 (in yellow) are used to compute the OSI (IR/I0) (Source: Artal et al. 2011 [76]).

53

State of the art
The same authors also proposed a cataract classification from the OSI values: OSI < 1 Healthy eye, 1 ≤ OSI
< 3 Early cataract, 3 ≤ OSI < 7 Mature cataract, and 7 ≤ OSI Severe cataract. Later, Vilaseca and co-workers
conducted a clinical study to validate the OSI [77]. They compared the OSI values in 188 eyes with nuclear,
cortical and posterior subcapsular cataracts, which were previously graded with the LOCS III classification
system at the slit lamp, and reported good agreement between both methods (Figure 2.25).

Figure 2.25. Box plots showing the correlation between OSI and LOCS III classification system for nuclear (NO),
cortical (C) and posterior subcapsular (P) cataracts (Source: Vilaseca et al. 2012 [77]).

Other authors [78] also compared the DP technology with a Scheimpflug system for cataract grading in
eyes with age-related nuclear cataract (Figure 2.26).
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Figure 2.26. Relationship between the Objective Scattering Index (OSI) and Scheimpflug lens density (Source: Lim et
al. 2014 [78]).

The results showed that OSI was in general well correlated with Scheimpflug lens density (OD) (r = 0.764).
However, for the same Scheimpflug OD value, some specific individuals showed OSIs from 1 to 7, which
is a significant clinical difference.
The former results indicate that in general the DP technique can be considered an objective and reliable
method to measure intraocular scattering. Moreover, it deals with forward scattering, and thus, it is expected
to provide information directly related with scattering impairing patient’s vision.
However, criticisms have been made to this technique because infrared light (780 nm) penetrates easily
into the choroid, where diffusion and back reflection occur, and this artifact is added to the recorded DP
image; however, the use of near-infrared light in the DP imaging device increases the patient's comfort
during image acquisition. Despite the fact that the 12’-to-20’ ring included in the computation of OSI is
affected by the artifact of infrared light diffusion in the choroid, this can be considered a relatively constant
background [79], [80].
It is also remarkable to mention that DP images, and all the other techniques explained, provide the
intraocular scattering assessment from the whole eye. Thus, nowadays it is still not possible to know from
which part of the eye the scattering comes from.
Accurate reconstruction of the wide-angle PSF
Ginis et al. [81] have recently developed a new method to measure intraocular scattering. Although the
principle behind it is similar to that of a DP pass setup, they have incorporated an extended light source in
a way to reconstruct the wide angle PSF of the eye. The main idea of this technique is projecting consecutive
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uniform light disks (increasing their radius) on the eye instead of using a narrow laser beam. The disks are
generated by a liquid crystal modulator, which is illuminated by a xenon lamp. The intensity at the centre
of the reflected disks is measured by an electron multiplying CCD camera (Figure 2.27), which depends on
the intensity of the uniform projected disk and the scattered light from the non-central parts of the disk to
the centre.

Figure 2.27. Schematic of the experimental setup. S is the light source, C is a collimating lens, F are green filters, D is
a diffuser, LCOS is a liquid crystal spatial light modulator (used to project disks with different radius), Lx are lenses, Dx
are diaphragms, P is a linear polarizer, BS are beam splitters, PC is the pupil camera and FS is a field stop (Source:
Ginis et al. 2012 [81]).

Being the extended light source a disk with uniform intensity I0, the recorded image of the light reflected
by the retina is the convolution of the projected disk with the DP PSF (PSFdp). The intensity at the centre
of the recorded image is given by (Equation 2.9):
𝜗𝜗

𝐼𝐼𝑐𝑐 (𝜗𝜗) = 𝐼𝐼0 ∫0 2𝜋𝜋𝜋𝜋𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜑𝜑)𝑑𝑑𝑑𝑑

Equation 2.9

where Ic is the intensity at the centre of the recorded image and ϑ is the radius of the projected disk (Figure
2.28).
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Figure 2.28. Example of an image of a uniform disk imaged through an optical system with rotationally symmetric PSF
that includes scattering (Source: Ginis et al. 2012 [81]).

The intensity at the centre of the recorded image is the compromise between the lost intensity from the
centre of the projected disk due to the scattering and the gain intensity due to the scattered light from each
point of the disk. To better understand this, two extreme cases can be considered:
1. When the radius of the projected disk tends to 0, it is just a point and the situation is the same as in
the DP technique where the recorded image is the PSFdp.
2. When the radius of the projected disk tends to infinity, due to the law of energy conservation, the
intensity at the centre of the recorded disk should be I0.
In an experimental situation where the analysis spans several degrees (i. e., about 10 degrees (º)), it is a
reasonable approximation to assume that effectively all the energy of the PSF is taken into account and
therefore, all measurements of Ic can be normalized with respect to the largest available disk. After the
normalization, the intensity at the centre is as follows (Equation 2.10):
𝜗𝜗

𝐼𝐼𝑐𝑐 (𝜗𝜗) = ∫0 2𝜋𝜋𝜋𝜋𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜑𝜑)𝑑𝑑𝑑𝑑

And the derivative is:

where 𝜗𝜗𝑛𝑛 =

𝜗𝜗𝑖𝑖+1 +𝜗𝜗𝑖𝑖
.
2

𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜗𝜗) =

1 𝑑𝑑𝐼𝐼𝑐𝑐 (𝜗𝜗)
2𝜋𝜋𝜋𝜋 𝑑𝑑𝑑𝑑

→ 𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜗𝜗𝑛𝑛 ) =

1 𝐼𝐼𝑐𝑐 (𝜗𝜗𝑖𝑖+1 )−𝐼𝐼𝑐𝑐 (𝜗𝜗𝑖𝑖 )
2𝜋𝜋𝜗𝜗𝑛𝑛
𝜗𝜗𝑖𝑖+1 −𝜗𝜗𝑖𝑖

Equation 2.10

Equation 2.11

𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜗𝜗) is calculated by varying the radius of the projected disk and measuring the

intensity at the centre of the recorded disks.

Ginis and colleagues showed that the DP PSF at a given angle (e. g., 5º) can be used as a measure of
intraocular scattering. The reconstruction of the wide angle PSF was tested in two young eyes (GP and JB),
one of them wearing gas-permeable contact lenses to generate different amounts of scattering (CL and CL5)
and was compared with an artificial eye (alone and with a diffusing filter - the Black Pro Mist 1 scatter
filter) (Figure 2.29).
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Figure 2.29. Box plot showing the experimental results obtained for an artificial eye and human eyes using contact
lenses to generate scattering (Source: Ginis et al. 2012 [81]).

Measuring the intraocular scattering with an extended light source permits to have enough sensitivity at
large angles, which is not possible in the traditional DP technique due to the low intensity far away from
the centre. Measuring at larger angles avoids the error introduced by the eye’s aberrations.
Moreover, this novel technique uses green light instead of near infrared as illumination source. This
technique was used to measure the intraocular scattering using 6 different wavelengths from 500 to 650 nm
[82]. The results showed that for small angles the wavelength dependence on the measured scattering
matches with the transmittance spectrum of haemoglobin. The conclusion was that using reddish
wavelengths could introduce errors in the measured intraocular scattering due to the retina reflectance. On
the other hand, since the human eye is more sensitive to green light, its use could be uncomfortable for
patients and usually drops are needed for pupil dilation to perform such measurements.
Sigma
Sigma (University of Murcia, Spain) is a commercial instrument used to measure the intraocular scattering
based on a modified DP system similar to the wide-angle reconstruction explained in the previous section
(accurate reconstruction of the wide-angle PSF method) and optimized in terms of speed and clinical use
[83]–[85] (Figure 2.30).
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Figure 2.30. Schematic of the setup (left) and clinical device (right). It uses 520 nm-LEDs as a light source, two cameras
that have their axes intersecting at the pupil plane and a silicon photomultiplier as a detector (Source: Ginis et al. 2014
[83]).

This compact optical integration instrument to measure intraocular straylight projects a disk (3º) and an
annulus (3º to 8º) with uniform intensity unlike to varying the radius of the projected disk. The disk and the
annulus light are square-wave temporally modulated with different frequencies for each zone. The intensity
at the centre of the reflected disk is measured with a silicon photomultiplier device. Part of this intensity is
from the disk and due to scattering part is from the annulus. The contribution from the disk and the annulus
is calculated from the Fourier transform of the signal (Figure 2.31).

Figure 2.31. Measured signal (top) and modulus of its Fourier transform (bottom). The Fourier transform gives the
contribution from the disk and the contribution from the annulus to the measured intensity (Source: Ginis et al. 2014
[83]).
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As in the previous section, the intensity at the centre of the disk is given by the following equations
(Equation 2.12 and 2.13):
𝜗𝜗

Equation 2.12

𝜗𝜗

Equation 2.13

𝐼𝐼𝑑𝑑 (𝜗𝜗) = 𝐼𝐼0 ∫0 1 2𝜋𝜋𝜋𝜋𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜑𝜑)𝑑𝑑𝑑𝑑

𝐼𝐼𝑎𝑎 (𝜗𝜗) = 𝐼𝐼0 ∫𝜗𝜗 2 2𝜋𝜋𝜋𝜋𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜑𝜑)𝑑𝑑𝑑𝑑
1

where I0 is the uniform intensity of the illumination source, Id and Ia are the contributions from the disk and
annulus in the detected signal and ϑ1 and ϑ2 are the inner and outer angular size of the annulus.
The PSF value at the middle of the annulus can be calculated using Equation 2.11 as follows:

where 𝜗𝜗𝑛𝑛 =

𝜗𝜗2 +𝜗𝜗1
,
2

𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜗𝜗) =

→ 𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜗𝜗𝑛𝑛 ) =

1 1 𝐼𝐼𝑐𝑐 (𝜗𝜗2 )−𝐼𝐼𝑐𝑐 (𝜗𝜗1 )
2𝜋𝜋𝜗𝜗𝑛𝑛 𝐼𝐼0
𝜗𝜗2 −𝜗𝜗1

Equation 2.14

Ic(ϑ2)= Ia + Id and Ic(ϑ1)= Id. Moreover I0= Ic(ϑ2)= Ia + Id since we assume that

lim 𝐼𝐼𝑐𝑐(𝜗𝜗) → 𝐼𝐼0 (Equation 2.15).

𝜗𝜗→∞

1 1 𝑑𝑑𝐼𝐼𝑐𝑐 (𝜗𝜗)
2𝜋𝜋𝜋𝜋 𝐼𝐼0 𝑑𝑑𝑑𝑑

𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑 (𝜗𝜗𝑛𝑛 ) =

1
1
𝐼𝐼𝑎𝑎
2𝜋𝜋𝜗𝜗𝑛𝑛 𝜗𝜗2 −𝜗𝜗1 𝐼𝐼𝑎𝑎 +𝐼𝐼𝑑𝑑

Equation 2.15

Using the value of the PSF in the Stiles-Holladay equation (Equation 2.16) [37], [38] the following
expression is obtained to account for straylight (S):
𝑆𝑆𝑑𝑑𝑑𝑑 = 𝜗𝜗𝑛𝑛2 𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑

Equation 2.16

This method was tested and validated in 10 eyes with no pathologies using 4 different grades of
photographic diffusing filters placed in front of them to simulate scattering (Figure 2.32).

Figure 2.32. Log(S) for the ten eyes using different photographic filters (Source: Ginis et al. 2014 [83]).

60

State of the art
This technique allows measuring the intraocular scattering and prevents artefacts from the eye aberrations
and retina reflection. It is critical to reflections, so that the optical design is built in a way that allows
separating the illumination and recording paths. The use of dilating drops is needed in some cases for pupil
dilation. Since it is not needed to project disks with different radius, there is an optimization in terms of
speed. However, powerful electronics to modulate the light source are required.
Purkinje imaging system
Up to our knowledge, a system based on Purkinje images has also been proposed as a means of assessing
anterior segment intraocular scattering [67]. Since in the next section a detailed analysis of the Purkinje
images is given, this system will be described there (section 2.3).

2.3

Purkinje Images

The Purkinje images refer to any of the images that can be seen reflected from the eye of a person who is
looking at an illuminated object. They are formed by reflection of light from the different optical ocular
structures (Figure 2.33). Therefore, there are 4 Purkinje images corresponding to the different eye optical
surfaces:

-

First surface of the cornea (first Purkinje image, P1)

-

Second surface of the cornea (second Purkinje image, P2)

-

First surface of the lens (third Purkinje image, P3)

-

Second surface of the lens (fourth Purkinje image, P4)

Figure 2.33. Drawing of the Purkinje images (Source: Jóźwik et al. 2014 [86]).

To calculate the position and size of the first Purkinje image corresponding to a given object, the first
corneal surface is considered to be a spherical mirror as follows:
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𝑠𝑠 ′ =

𝑀𝑀 =

𝑟𝑟·𝑠𝑠
2𝑠𝑠−𝑟𝑟

Equation 2.17

−𝑠𝑠′
𝑠𝑠

Equation 2.18

where r is the radius of curvature of the surface, in this case the anterior corneal surface, s is the distance
between the object and the surface (corneal apex), s’ is the image position with respect to the surface and
M is the magnification. Note that for the P1 calculation, s is negative and r is positive, s’ is positive and M
is positive.
The second Purkinje image is calculated assuming that the second surface of the cornea is a mirror.
Therefore, to calculate the size and position of P2, the image formed when the light is refracted through the
first corneal surface must be firstly calculated (Equations 2.19 and 2.20). Then the image formed by
reflection from the posterior corneal surface is computed using equations 2.17 and 2.18 again.
𝑛𝑛′
𝑠𝑠′

=

−𝑛𝑛
𝑠𝑠

+

𝑀𝑀 = −

(𝑛𝑛′ −𝑛𝑛)
𝑟𝑟
𝑛𝑛𝑛𝑛′
𝑛𝑛′𝑠𝑠

Equation 2.19
Equation 2.20

where n and n’ are the refractive indexes of the first and second media, respectively.
To compute the third and fourth Purkinje images, the same process must be repeated considering the
reflections from the two surfaces of the lens and the preceding refractions.
Assuming the Le Grand theoretical eye model, for the first Purkinje image, n is the refractive index of the
air (n = 1) and n’ that of the cornea (n’ ≈ 1.377); for P2, n is the corneal refractive index and n’ is that of
the aqueous humor (n’ ≈ 1.337); for P3, n is the refractive index of the aqueous humor and n’ is that of the
lens (n’ ≈ 1.420); and finally, for P4, n is the lens refractive index and n’ is that of the vitreous body (n’ ≈
1.336) [87], [88].
The theoretical position and size of the Purkinje images depend on the distance between the object and the
eye as well as the distance between the cornea and the lens, and the object size. Figure 2.34 shows the
positions of the Purkinje images assuming again the Le Grand theoretical eye model and a distance of 500
mm between the object and the eye. As it can be seen, P1 (green) and P2 (pink) are almost at the same
plane, at 3.87 and 3.58 mm from the corneal apex, respectively; P3 (blue) is the farthest Purkinje image,
10.61 mm far away from the corneal apex; and P4 (purple) is inverted and close to P1 and P2, at 4.32 mm
from the corneal apex.
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Figure 2.34. Locations of the Purkinje images assuming the Le Grand theoretical eye model and a distance of 500 mm
between the object and the eye (x is taken from the corneal apex).

On the other hand, figure 2.35 shows the Purkinje image sizes as a function of the distance between the
object and the eye (object size = 1 mm). Note again that P4 is the only inverted Purkinje image.
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Figure 2.35. Purkinje images size as a function of the distance between the object and the eye.

The first and second Purkinje images overlap due to the small corneal thickness (~550 µm) and almost the
same radii of curvature of the anterior and posterior corneal surfaces. Moreover, from the Fresnel equations
[89] (Equations 2.21, 2.22 and 2.23), it is obvious that the intensity of P1 is orders of magnitude above the
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intensity of P2 (~100 times), which makes very difficult to detect the P2 light distribution. P3 and P4 have
a similar intensity, around 30 times lower than P1 (these rough intensity estimations have been done
assuming light arriving at the eye with a normal incidence of light onto the surface (0º)).
𝑛𝑛
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Equation 2.23

where R is the reflectance, the subscripts s and p denote the state of polarization of light, n and n’ are the
refractive indexes of the first and second media, respectively, and θi is the angle of incidence.
Purkinje-based systems for ocular applications
Different patterns and light sources have been used by researchers to deal with Purkinje images for several
applications related with the eye. Shapes ranging from a point [90] to a semicircle of LEDs [86] have been
used for different purposes, including the assessment of the tilt and decentration of intraocular lenses
(Figure 2.36) [91]–[93], to demonstrate that the accommodative ciliary muscle function is preserved in
older humans [94], and even for measuring the intraocular scattering from the fourth Purkinje Image [90].
Since the goal of this thesis deals with the assessment of scattering from a system based on Purkinje images,
this last study is described in detail below.
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Figure 2.36. Purkinje reflexes used for the assessment of the tilt and decentration of intraocular lenses (Source: Maedel
et al. 2017 [92]).

As commented, in the experiment by Bueno et al. [90], a Purkinje-based system was used to measure the
contribution of the anterior segment to the total intraocular scattering of the eye.
In this system, the fourth Purkinje image (P4) of a point source object was acquired with a camera and
posteriorly analysed. The P4 image (Figure 2.37) is the light reflected by the posterior surface of the lens
so that the scattering caused by the retina is assumed to be not included in it.

Figure 2.37. First (circled) and fourth (squared) Purkinje images of a living human eye (Source: Bueno et al. 2007 [90]).

To acquire the Purkinje images (Figure 2.38), the eye was illuminated with a He-Ne laser. To quantify the
amount of scattering produced in the anterior segment of the eye, P4 was acquired in two different
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experimental conditions, which provided saturated and non-saturated images (this was achieved by means
of a removable neutral density filter, RNDF).

Figure 2.38. Schematic of the experimental setup used to acquire the P4 image. AP is the entrance pupil and RNDF
is the removable neutral density filter (Source: Bueno et al. 2007 [90]).

For each image taken (saturated and non-saturated) the radial profile was plotted and normalized. Next, the
area under the radial profile was computed (from 0 mm to 0.24 mm). To compute the area of the saturated
image, the pixels with intensity 1 (after the normalization) were excluded. The amount of scattering was
then given by a so-called Parameter Of Scattering (POS) (Equation 2.24):
𝐾𝐾′𝑠𝑠𝑠𝑠𝑠𝑠

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐾𝐾′

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

Equation 2.24

where k’sat and k’nonsat are the radial profile areas for the saturated and the non-saturated Purkinje images.
This technique was tested in an artificial eye and two additional eyes wearing customized contact lenses to
simulate scattering. Eight normal young eyes without scattering were used as control group. Scattering
increments were detected as shown in Figure 2.39.
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Figure 2.39. Measured POS for normal young eyes (#7 and #8) wearing scattering customized contact lenses (white
black spots correspond to different contact lenses) and for the artificial eye. The averaged POS value for 8 young
normal eyes is also included (Source: Bueno et al. 2007 [90]).

As the authors pointed out, this technique is able to measure the amount of scattering produced in the
anterior segment of the eyes, avoiding the contribution from the retina. However, it is not trivial to
implement this procedure in a commercial instrument since not all eyes saturate the image for the same
laser power. Although Bueno and colleagues explained the experimental method, they did not provide an
objective quantity of saturation. Another question not answered yet is the precision of the Purkinje imaging
system to measure scattering. In the study, it was shown to provide similar values of scattering in normal
young eyes and to be sensitive enough to differentiate between a naked normal eye and the same one
wearing customized diffusing contact lenses.
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3 Experimental setup
In this thesis, we propose the use of Purkinje images to quantify independently the scattering of the cornea
and the lens. Specifically, we propose a methodology based on the analysis of the third (P3) and fourth (P4)
ones formed by reflection of light on the first and second surfaces of the lens, respectively. The experimental
system developed to acquire these Purkinje images is explained in this chapter.
Some preliminary considerations as well as the design of the stimulus chosen according to the features of
the Purkinje images are firstly described; then, we show the experimental setup developed to validate the
method at the laboratory level by means of new parameters of scattering; finally, the improvements made
to build an appropriate prototype for a clinical environment are presented as well as safety issues that must
be taken into account.

3.1

Preliminary considerations and design of the stimulus

As seen in the former chapter, instruments such as the HD Analyzer make use of the ocular PSF to measure
the scattered light in the eye. It is well known that the central part of the PSF is dominated by the effects of
aberrations while the wide-angle PSF (> 1º) is more influenced by intraocular scattering [81], [95], [96]
(Figure 3.1). Therefore, in order to avoid effects of aberrations, a setup able to measure the light distribution
at angles above 1º is desirable.

Figure 3.1. (Left) Red point, which represents a point light source, and the corresponding image on the retinal plane
(red circle), which is the ocular PSF. N and N’ denote the nodal planes of the eye’s optics and α is the visual angle.
(Right) PSF of the healthy young eye according to the Commission Internationale de l'Éclairage (CIE) standard with
different domains indicated. (Source: van den Berg et al. 2009 [95])

Other instruments such as the C-Quant use a central disk and a peripheral annulus glare source subtending
an angle (α) larger than 1º that creates a veiling glare at the center, which is used to quantify intraocular
scattering (Figure 3.2).
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Figure 3.2. Stimulus used in the C-Quant instrument with a central disk divided into two halves and a circular annulus.

Instead of a disk plus and an annulus, in our setup we decided to use a stimulus with a vertical pattern
composed of two slits - built on an opaque plate - permitting light to pass through (Figure 3.3). The use of
a 1-dimensional pattern makes it easier to avoid overlapping among Purkinje images, although this also
depends on the angle between the stimulus and the detector as well as the visual axis.
The selected pattern allowed us to measure the light intensity for each Purkinje image corresponding to the
two slits as well as to a central dark fringe between them, in which only scattered light is expected to be.

Figure 3.3. Schematics of the stimulus used: visual angle (α), distance between slits or fringe size (2d) and distance
between the eye and the stimulus (D). For the sake of simplicity, the distance between the corneal apex and the nodal
point is neglected. The grey rectangle represents an opaque object and the yellow rectangles are slits through which
light passes to create the Purkinje images (1). The space between the yellow rectangles is what we call dark fringe (2).

Drawing a parallel from the CIE standard [95], which states that visual angles beyond 1º account for
scattering, the ratio between the slits size (2d) and the distance between the test and the eye (D) should be
in agreement with the limit of equation 3.1:

𝑑𝑑
𝐷𝐷

1º < 𝛼𝛼 = tan−1 � �
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Accordingly, we decided to place the stimulus at a distance of D = 90 mm from the eye, being the two slits
of 5 mm with a separation between them of 5 mm (d = 2.5 mm). Therefore, the angle used in our system
was of ~1.6º (> 1 º as suggested in the literature when dealing with the PSF). Nevertheless, it is important
to note that we do not evaluate the light distribution at the retina but at the Purkinje images planes, whose
locations depend on the distance between the object and the eye, and the specific locations of the surfaces
of the eye’s optics.
A slit width of 3 mm was chosen in order to avoid overlapping among Purkinje images while, at the same
time, not having diffraction effects. Additionally, we decided to use an angle of 40º between the light source
and the eye. The visual axis formed an angle of 20º with the detector (Figure 3.4). We experimentally
checked that with these angles, Purkinje images (P1, P3 and P4) did not overlap at the detector plane.
In order to make the centering of the Purkinje images easier, especially the third and the fourth, we also
added two extra horizontal slits at the external parts of the stimulus (top and bottom). However, only the
two vertical slits were used for the assessment of scattering. Moreover, in order to make the vertical slits
uniform in terms of luminance, diffusers were attached to both sides of the opaque plate.

Figure 3.4. Schematics of the stimulus to create the Purkinje images (left) and real stimulus (center). Yellow rectangles
represent the illuminated slits through which light passes. Distances and angles between detector, stimulus and eye
(right).
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If one considers the total length of the stimulus used for the scattering assessment to be of 15 mm - i. e., the
2 slits plus the central dark fringe - and the actual distance between the stimulus and the eye (90 mm), the
corresponding Purkinje images sizes are of P1 = 0.62 mm, P2 = 0.51mm, P3 = 1.15 mm and P4 = 0.47 mm.
Therefore, they are much smaller than 4 mm, a standard pupil size. The horizontal image sizes
corresponding to a slit width of 3 mm are of P1 = 0.12 mm, P2 = 0.10 mm, P3 = 0.23 mm and P4 = 0.10
mm, also much below 4 mm. So that, all images will be inside the pupil.
Furthermore, their axial positions in the eye are 3.73 mm, 3.50 mm, 10.14 mm, and 4.25 mm from the
corneal apex (Figure 3.5). P3 and P4 are separated about 6 mm and the last one is inverted.

Figure 3.5. Schematics in which the Purkinje images sizes and positions with respect to the surfaces of the eye’s optics
are shown. P1 in pink, P2 in green, P3 in blue and P4 in purple. The dashed black line corresponds to the retina.

In order to analyze the effect of scattering on the light intensity distribution of the Purkinje images, we
performed some preliminary simulations before building our experimental setup on the optical bench. The
optical design software Zemax (Radiant Zemax, Redmond, U.S.A.) was used for this purpose. The
intraocular scattering was simulated using the mie.dll bulk scattering library and defining particles
properties (size, refractive index and density) as suggested in the literature for corneal [97] and lens [98]
scattering (Table 3.1). We used the Liou-Brennan eye model [99] and a wavelength of 550 nm. The light
source was simulated using two rectangles of the same sizes as we selected for the stimulus (3 mm x 5 mm)
and we placed a diffusor attached to the rectangles. We simulated a detector system with a pixel size of 8x8
µm and 1004(H) x 1002(V) pixels attached to a telecentric lens with similar properties to those finally used
in the experimental setup (see next section). However, we used paraxial lenses instead of the actual ones
(Figure 3.6).
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Table 3.1. Scatterer particles parameters.

Size [µm]

Density [cm-3]

Refractive index

Cornea

7,2

107

1,2

Lens

3

106

1,49

Figure 3.6. Simulated optical layout from Zemax (left). Simulated rectangles as a light source and Liou-Brennan eye
model (right). Light emitted by one rectangle is represented with green lines and the light emitted by the other rectangle
is represented in blue.

The simulated Purkinje images are shown in Figure 3.7. It can be seen that their intensity distribution
depends on the intraocular scattering and its origin. When there is corneal scattering, P3 and P4 images are
both affected by scattering. However, when it comes from the lens, P3 is unaffected while the P4 intensity
distribution is influenced.
Therefore, these simulations support our initial hypothesis, i. e., that the P4 image depends on the corneal
and lens scattering, but that P3 is only influenced by scattered light produced in the cornea.
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Figure 3.7. Intensity distribution of the simulated Purkinje images (from left to right, P4, P3 and P1).

3.2

Optical bench setup and contrast computation

Based on the former considerations, Figure 3.8 shows the layout of the experimental setup developed to
create and acquire the Purkinje images.

Figure 3.8. Layout (top view) of the Purkinje setup (EMCCD: Electron-multiplier CCD camera).

The light source used was a xenon lamp (Hamamatsu Photonics, Hamamatsu, Japan) whose light is
projected towards the opaque plate with the two slits (3mm x 5mm each slit) to create the Purkinje images
profile (Figure 3.9). As commented in the former section, we used diffuse light and diffusors attached to
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the anterior and posterior surfaces of the opaque plate were used for this purpose. Thanks to them, the slits
have a homogeneous luminance.
A long-pass filter (with a cutoff frequency of 760 nm) that lets the near infrared (NIR) pass through while
blocking visible light – avoiding therefore pupil’s contraction - was placed between the xenon lamp and
the opaque plate. Therefore, Purkinje images are formed by means of NIR radiation.

Figure 3.9. (Left) Front view of the experimental setup, i. e., from the patient’s point of view. At the left side of the
picture, the opaque plate with the 2-slit pattern used to create the Purkinje Images. The two external horizontal slits are
just a guide to center the images, while the two vertical slits are used to compute the contrasts from which the intraocular
scattering is assessed. (Right) Top view of the experimental setup.

The Purkinje images were recorded by means of a 14 bits electron-multiplier-CCD (EMCDD) camera
(Luca, Andor Technology, Belfast, United Kingdom) with a pixel size of 8x8 µm and 1004(H) x 1002(V)
pixels. The camera was attached to a telecentric objective lens (MVTC23024, Thorlabs GmbH, Munich,
Germany) that gives the necessary depth of field (11 mm) and magnification (0.243x) to acquire all Purkinje
images at the same time, and to compensate for the distortion associated with different positions (Figure
3.10). P1 and P2 overlap because the similar radii of curvature of the anterior and posterior surfaces of the
cornea and the small corneal thickness.
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Figure 3.10. Purkinje images of a healthy eye. P1 and P2 overlap and P1 saturates.

A chinrest was also attached to the optical table of the laboratory, and used to minimize patients’
movements during measurements while simultaneously improving comfort.
Figure 3.11 shows the Purkinje images taken with the described optical bench setup using the artificial eye
OEMI-7 (Ocular Instruments Inc., Bellevue, WA, USA), and the vertical intensity profile of the fourth
Purkinje image. Note that the light from the anterior and back surfaces of the cornea (P1 and P2) and the
lens (P3 and P4) are acquired simultaneously.
For the scattering assessment, the portion of photons that change their initial trajectory compared with the
total amount of photons must be measured. To do so, we decided to use the Michelson contrast definition.
In fact, two contrasts for each Purkinje image were calculated (Equations 3.2 and 3.3), since there are two
maximums and one minimum in the intensity profile, corresponding to the vertical slits and the central dark
area (dark fringe).
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 =

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚1 −𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚1 +𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚2 −𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚2 +𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

Equation 3.2
Equation 3.3

where Imax and Imin are the maximum and minimum intensity (see Figure 3.11, Right).
To compute the intensity profile of each Purkinje image, we manually selected an area big enough that
included one isolated Purkinje image (see yellow rectangle in Figure 3.11). The profile intensity was then
calculated as the maximum pixel value for each row inside the selected area: the first value of the intensity
profile corresponds to the maximum value along the first row inside the selected region, the second value
of the intensity profile corresponds to the maximum value of the second row inside the same area, and so
forth.
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Figure 3.11. (Left) Four Purkinje images of an artificial eye (OEMI-7). The first one (P1) is much brighter than the others
and because of this, it is always saturated when the dynamic range of the camera is optimized to record the other three
images. P1 and P2 appear superimposed. (Right) Intensity profile of the P4 image in arbitrary units. It is the maximum
intensity of each row corresponding to the area delimited by the yellow rectangle (i. e., the intensity value of the position
0 is the maximum intensity value of the first row inside the yellow rectangle).

Then, the final contrast value for each Purkinje image (P3 and P4) was calculated as the average of the two
former ones. For an ideal system free from scattering, Imin would be 0, and then the contrast would be 1.
The greater the scattered light, the higher the Imin with respect to Imax; and thus, the contrast decreases as
scattering increases.
A series of Purkinje images were acquired with the same artificial eye using several exposure times in order
to preliminary evaluate the performance of the proposed method and the influence of the intensity of the
light source on the parameters based on the contrast. As an example, Figure 3.12 shows the results for the
third Purkinje image contrast (P3). Besides the naked eye, combinations of it plus several commercial filters
previously validated by others researchers were used to simulate different amounts of scattering.
Specifically, we used the filters Black Pro Mist 1 (BPM1) and Black Pro Mist 4 (BMP4) (Tiffen, New
York, USA) to simulate an eye with a low amount of scattering and the effect of an early cataract,
respectively [100].
As expected, the computed contrasts decreased with the use of filters and were constant with the exposure
time, meaning that the outcome of our system is independent of the light exposure as it is a relative measure.
The BMP4 filter was linked to the smallest contrast, as it includes the highest amount of scatter.
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Figure 3.12. Contrast of the third Purkinje image (P3) of the artificial eye (OEMI-7) as a function of the exposure time.
In yellow the contrast obtained for the naked eye, in blue the contrast when the BPM 1 filter is placed in front of the
eye, and in green the contrast when the BPM 4 filter is placed in front of the eye. Each point is the average of the two
computed contrasts for each image.

3.3

Clinical prototype

Some aspects of the optical bench setup were improved to make it useful for a clinical environment. Firstly,
we added a low intensity LED with an emission peak at 470 nm (M470F3, Thorlabs GmbH, Munich,
Germany) as a fixation target. This minimized the eye movements along the measurement process. The
wavelength and low intensity of the LED were chosen according to the eye’s sensitivity, which is rather
low at this wavelength, avoiding pupil’s contraction and improving patient’s comfort. The LED was
controlled with the DC4100 - LED Driver (Thorlabs GmbH, Munich, Germany).
Furthermore, an additional long-pass filter was also included in the system (with a cutoff frequency of 760
nm). It was placed next to the telecentric objective lens in order to block the blue light from the fixation
LED.
We also added a stepper motor (Nanotech, Feldkirchen, Germany) to control for the distance between the
system and the patient’s eye to properly acquire the images. The system was mounted on a breadboard
attached to the stepper motor, which allowed the system to be moved as a whole.
We enclosed the whole system inside a black box and for aesthetic reasons we replaced all handmade
holders and light blockers for 3D printed pieces, which helped to preserve optical elements from dust and
from being touched by patients (Figure 3.13).
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Finally, a couple of 3-D printed grab bars was also added for the patients’ comfort and to minimize even
more their movement during measurements.

Figure 3.13. Several views of the clinical prototype. The fixation target used (blue) can be seen in the images at the
top.

The acquisition of images was carried out by the open source µManager software (Open Imaging, San
Francisco, USA), which permitted adjusting the exposure time of the camera [101]. The stepper motor was
controlled by the SD243_v1.0 software developed by microPaP Engineering S.L. (Terrassa, Spain).
To ensure that all Purkinje images were acquired at the best focus position, a routine was developed to
perform a scanning process along different distances between the system and the eye allowing few images
to be recorded at each position. The scan started and finished with clearly defocused images while in the
middle some sharp ones were available (Figure 3.14 top). According to this scanning process, the contrasts
of all acquired images were then computed as previously explained (section 3.2), and the highest contrast
was taken as the correct one for each of the Purkinje images. In some cases, the highest contrast for the P3
and P4 images did not correspond to the same position (Figure 3.14 bottom).
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Figure 3.14. (Top) Purkinje images from an artificial eye (OEMI-7) taken at different distances between the eye and
the system along the scanning process. (Bottom) Corresponding Purkinje contrasts (P3 and P4) as a function of the
distance from the first image.

3.4

Safety issues

The standard ISO 15004-2:2007 “Ophthalmic instruments -- Fundamental requirements and test methods - Part 2: Light hazard protection” [102] specifies fundamental requirements for optical radiation safety for
ophthalmic instruments and is applicable to all ophthalmic instruments that direct optical radiation into or
at the eye and for which there is a specific light hazards requirement section within their respective national
standards.
According to this standard, ophthalmic instruments can be classified into either Group 1 or Group 2 in order
separate those instruments that are not capable of presenting a potential hazard from those which do.
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To determine if our system was inside the established limits to be classified as an ophthalmic instrument
for which no potential light hazard exists, we performed the calculations shown below. Firstly, the corneal
and lens irradiance for non-weighted infrared radiation was calculated as only radiation above 760 nm
(from the xenon lamp and the long-pass filter) is emitted by the clinical prototype, as it is indicated in table
3.2 of the ISO 15004-2:2007 “Limit values for continuous wave instruments”:

Table 3.2. Group 1 limit values for continuous wave instruments (Table 2, 5.4.1.4 of the ISO 15004-2:2007).

Parameter

Wavelength (nm)

Unweighted corneal
5.4.1.4

and lenticular

770 to 2500

infrared radiation

Equation

2500

𝐸𝐸𝐼𝐼𝐼𝐼−𝐶𝐶𝐶𝐶 = � 𝐸𝐸𝜆𝜆 × ∆𝜆𝜆

Limit

20 mW/cm2

770

irradiance, EIR-CL

where EIR-CL is the unweighted corneal and lenticular infrared radiation irradiance, Eλ is the spectral
irradiance and Δλ is the summation interval.

The spectral irradiance was measured by means of the spectrophotometer Spectro 320 (Instrument Systems
GmbH, Munich, Germany) at the plane where the cornea is positioned during the clinical measurements
and the cumulative spectral irradiance was calculated from 770 nm to 2500 nm when the xenon lamp was
switch on. The result was of 0.504 mW/cm2, below the limit established by the standard for Group 1 (20
mW/cm2).
According to the emission range of our system and the same standard, the other limit that needs to be taken
into account is the thermal hazard for the infrared and visible radiation of the retina. To calculate the thermal
irradiance of the retina by weighted infrared and visible radiation, the following calculations must be carried
out:
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Table 3.3. Group 1 limit values for continuous wave instruments (Table 2, 5.4.1.6 of the ISO 15004-2:2007).

Parameter

Wavelength (nm)

R(λ) weighted
5.4.1.6

retinal visible and

Equation

Limit

1400

0.8 W/cm2

𝐸𝐸𝑉𝑉𝑉𝑉𝑉𝑉−𝑅𝑅 = � 𝐸𝐸𝜆𝜆 × 𝑅𝑅(𝜆𝜆) × ∆𝜆𝜆

380 to 1400

380

infrared radiation
thermal irradiance,
EVIR-R

where EVIR-R is the weighted retinal visible and infrared radiation thermal irradiance and R(λ) is the visible
and infrared radiation thermal hazard weighting function (Table 3.4).
As reported in the standard, in this case the values of the retinal spectral irradiance, Eλ, must be determined
from the spectral radiance of the ophthalmic instrument, Lλ. To do so, the spectral irradiance at the corneal
plane, Eλ-C, must be multiplied by the squared distance between the eye and the stimulus (D = 90mm) and
divided by the area of the stimulus (A = 15mm2):

𝐿𝐿𝜆𝜆 =

𝐸𝐸𝜆𝜆−𝐶𝐶 ∙ 𝐷𝐷
𝐴𝐴

Equation 3.4

The spectral irradiance values on the retina are then calculated by multiplying the spectral radiance values
by the pupil’s area and dividing it by the square of the pupil-retina distance (Equation 3.5). The standard
indicates that the pupil’s area, Ap, through which the light passes during the normal use of the ophthalmic
instrument must be determined. In this thesis, a value of 8 mm of diameter was used to check for danger in
the worst case, and a pupil-retina distance, D0, of 17 mm was considered, as it is specified in the ISO 150042:2007.

𝐸𝐸𝜆𝜆 =
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Table 3.4. Spectral weighting functions for the retinal hazard analysis.

λ (nm)
380
385
390
395
400
405
410
415
420
425
430
435-700
705
710
715
720
725
730
735
740
745
750
755
760
765
770
775
780

R(λ)
0,00625
0,0125
0,025
0,05
0,1
0,2
0,4
0,8
0,9
0,95
0,98
1
0,98
0,95
0,93
0,91
0,89
0,87
0,85
0,83
0,81
0,79
0,78
0,76
0,74
0,72
0,71
0,69

λ (nm)
785
790
795
800
805
810
815
820
825
830
835
840
845
850
855
860
865
870
875
880
885
890
895
900
905
910
915
920

R(λ)
0,68
0,66
0,65
0,63
0,62
0,6
0,59
0,58
0,56
0,55
0,54
0,52
0,51
0,5
0,49
0,48
0,47
0,46
0,45
0,44
0,43
0,42
0,41
0,4
0,39
0,38
0,37
0,36

λ (nm)
925
930
935
940
945
950
955
960
965
970
975
980
985
990
995
1000
1005
1010
1015
1020
1025
1030
1035
1040
1045
1050-1400

R(λ)
0,35
0,34
0,33
0,32
0,32
0,31
0,31
0,3
0,3
0,29
0,28
0,28
0,27
0,26
0,26
0,25
0,25
0,24
0,23
0,23
0,22
0,22
0,21
0,21
0,2
0,2

By doing all this, the value obtained for the R(λ) weighted retinal visible and infrared radiation thermal
irradiance was of 0.003 W/cm2, much below the limit established for Group 1 (0.7 W/cm2).
Moreover, the irradiance of the fixation test (blue LED emitting at 470 nm) when measured at the corneal
plane was of 1.41 μW/cm2. To measure the irradiance of this LED we used a power meter (PM160, Thorlabs
GmbH, Munich, Germany). Repeating the calculations that we made for the xenon lamp, we obtained a
value of R(λ) weighted retinal visible and infrared radiation thermal irradiance of 0.3 mW/cm2, orders of
magnitude below the limit value again (0.7 W/cm2).
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Thus, it was demonstrated that the instrument developed in this thesis complies with the standard to be
classified in Group 1 and that it does not present potential hazard.
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4 Validation of the system at the laboratory level

As commented formerly, the goal of this thesis was to develop a system to objectively measure the
intraocular scattering and separate the contribution from the cornea and the lens. For this purpose, we
developed the system already described to acquire the Purkinje images. Our hypothesis was that the third
Purkinje image, since it is the reflection from the anterior lens surface, is mainly affected by the scattering
from the cornea and the anterior chamber of the eye, while the fourth Purkinje image is also affected by the
lens scattering. The validation of the system at the laboratory level and methodology proposed are described
in this chapter.

4.1

Validation with artificial eyes

As a proof of concept of our experimental setup based on the Purkinje images, we firstly tested it using
artificial eyes with different levels of corneal and lens scattering.
4.1.1

Methods

We used two artificial eye models. The first one was the commercial artificial eye OEMI-7 (Ocular
Instruments Inc., Bellevue, WA, USA), which is a compact eye model with the same sizes, radii of curvature
and refractive indexes as the human eye (Figure 4.1).

Figure 4.1. Schematics of the commercial artificial eye OEMI-7 (left). General view of the OEMI-7 commercial eye
model (right)(Source: Argawal et al. 2016 [103]).

The second artificial eye used was a customized model. In fact, we used the cornea from the Eyetech Laser
Eye Model LE-110 (Eyetech Ltd., Morton Grove, Ill., USA); however, a couple of concentric plano-convex
lenses ACL2520U and ACL1512U (Thorlabs GmbH, Munich, Germany) were placed together inside the
eye by attaching their planar surfaces one to each other to emulate the human lens shape (Figure 4.2).
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Additionally, we printed a holder by using the Witbox 2 3D printer (BQ, Madrid, Spain) to place the
artificial cornea and lens in the desired positions.

Figure 4.2. Customized artificial eye. Cornea from Eyetech, artificial lens made by two plano-convex lenses (Thorlabs)
and a 3D-printed holder.

We used several commercial filters, previously validated by others researchers to simulate different
amounts of corneal and lens scattering. Specifically, we used the filter Cinegel 3020 (c3020) (Rosco,
Stamford , USA) with properties similar to a mature cataract [104], and the filters Black Pro Mist 1 (BPM1)
and Black Pro Mist 4 (BMP4) (Tiffen, New York, USA) with optical characteristics that resemble ocular
cataracts; specifically, they are used to simulate an eye with a low amount of straylight and the effect of an
early cataract, respectively [100].
With the OEMI-7 model, several levels of corneal scattering were achieved by placing the filters in front
of the eye. Specifically, we simulated five levels of corneal scattering by using the following: the OEMI-7
model without filters (naked OEMI-7), the OEMI-7 plus the BPM1 filter in front of it (BPM1 OEMI-7),
the OEMI-7 plus the BPM4 filter (BPM4 OEMI-7), the OEMI-7 plus one single sheet of the c3020 filter
(c3020 OEMI-7) and, finally, two sheets of c3020 were placed together in front of the eye model (Double
c3020 OEMI-7).
With the customized eye from Eyetech we simulated lens scattering by placing the filters in between the
two plano-convex lenses. In this case, three different levels of scattering were achieved by using the eye
model without filters (naked customized artificial eye), and one and two sheets of the c3020 in between the
plano-convex lenses (c3020 customized artificial eye; and double c3020 customized artificial eye).
We performed three measurements for each described condition with the optical bench Purkinje setup and
the P3 and P4 contrasts corresponding to the third and fourth images were computed as described in chapter
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3 (Section 3.2). The reported results are the average of the three individual measurements for each particular
scattering condition as well as the corresponding standard deviation (SD).
4.1.2

Results

Figure 4.3 shows the Purkinje images from the OEMI-7 artificial eye and their corresponding intensity
profiles for the naked eye and in the presence of the c3020 filter, respectively. As expected, the more
scattering, the less contrasts in the third (P3) and fourth (P4) Purkinje images.

Figure 4.3. Purkinje images from the OEMI-7 model and corresponding intensity profiles. From top to bottom: contrasts
of P3 naked eye, P4 naked eye, P3 c3020 and P4 c3020. The first Purkinje image is saturated so that P3 and P4 are
within the dynamic range of the camera. The intensity profile plotted is the maximum pixel value per each row inside
the yellow rectangle of the corresponding image.
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Figure 4.4 shows the scatterplots of the measured Purkinje contrasts by using the OEMI-7 eye model for
the several simulated levels of corneal scattering. As it can be seen, P3 and P4 contrasts decrease as the
corneal scattering increases. Similarly, Figure 4.5 shows the results for the customized artificial eye and
different filters to induce lens scattering. In this case, the P4 contrast decreases as the lens scattering
increases while the P3 contrast remains constant. The numerical results of the former validations are
summarized in Table 4.1.
1
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Figure 4.4. Scatterplot of the measured Purkinje contrasts using the OEMI-7 eye model for different levels of simulated
corneal scattering. In blue, the P3 contrast and in orange, the P4 contrast. Error bars are the standard deviation of the
mean (SD).
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Figure 4.5. Scatterplot of the measured Purkinje contrasts using the customized artificial eye for different levels of
simulated lens scattering. In blue, the P3 contrast and in orange, the P4 contrast. Error bars are the standard deviation
of the mean (SD).
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Table 4.1. Results of the measured Purkinje contrasts (P3 and P4) in artificial eyes with different levels of corneal
and lens scattering. The Mean ± SD (standard deviation) are given.

P3
Corneal scattering
Naked OEMI-7
BPM1 OEMI-7
BPM4 OEMI-7
c3020 OEMI-7
Double c3020 OEMI-7
Lens scattering
Naked customized artificial eye
c3020 customized artificial eye
Double c3020 customized artificial eye

0.93
0.79
0.66
0.33
0.08

± 0.00
± 0.01
± 0.00
± 0.03
± 0.02

0.98 ± 0.00
0.97 ± 0.00
0.98 ± 0.00

P4
0.90
0.75
0.59
0.27
0.09

± 0.00
± 0.01
± 0.00
± 0.02
± 0.01

0.95 ± 0.00
0.61 ± 0.04
0.40 ± 0.01

These preliminary results validate the initial hypothesis of this thesis. When simulating corneal scattering,
the contrast of both Purkinje images (P3 and P4) decreased. On the other hand, when the scattering filters
were positioned at the lens plane, thus simulating the nature of cataracts, P3 contrast was kept constant
regardless the amount of scattering, while the P4 contrast drastically decreased as a function of scattering.
Therefore, it is clear that P3 is affected by the scattering from the cornea and unaffected by that from the
lens, while P4 contrast is affected by both, that is, corneal and lens scattering. Therefore, the method
proposed allows one to know where the scattering comes from.

4.2

In-vivo validation

In this section, we move a step forward by testing the Purkinje system developed in-vivo, that is, with real
eyes. The on-bench system was used to measure several real eyes as a means of validating its usefulness
before going to a clinical environment. The main outcomes are described next.
4.2.1

Methods

In this preliminary analysis, we measured 13 eyes of 13 volunteers (6 females and 7 males) recruited from
the staff of the CD6 (Center for Sensors, Instruments and Systems Development) and colleagues (age 51.2
± 13.6 years, range [30, 71]).
The measurement protocol included the assessment of intraocular scattering by means of the following
instruments: the Scheimpflug camera Galilei 6 (Ziemer, Biel, Switzerland), HD Analyzer (Visiometrics
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S.L., Cerdanyola del Vallès, Spain) and our optical bench experimental setup to acquire the Purkinje images
and compute P3 and P4 contrasts.
All measurements were taken in a dark room and without pupil dilation. Firstly, we measured the scattering
with our experimental setup. Patients were asked to put the head on the chinrest. To ensure that the best
focused image was obtained, we performed a scanning process for each patient varying the distance
between the system and the eye, and few images were registered at each position. The reported Purkinje
contrasts are the average of the 3 images with highest contrasts obtained. Purkinje images affected by the
eye lips were excluded as well as those in which the fourth Purkinje image was on the pupil boundary (small
pupils).
Then, we acquired DP images by means of the HD Analyzer. Because optical quality might be dependent
on tear film quality, measurements were taken just after the patient blinked. The spherical refractive error
was automatically corrected by the DP system (from -8.00 to +6.00 D with an accuracy of 0.125 D), whereas
astigmatism was corrected with an external cylindrical lens (with an accuracy of 0.25 D) to obtain the best
possible retinal image. We did three consecutive measurements and the reported OSI value is the average
of these individual measurements. DP measurements of patients with a pupil diameter smaller than 4 mm
were excluded from the analysis.
Finally, we took images using the Galilei 6 to check for corneal transparency. The dual camera
configuration captures two Scheimpflug slit images from opposite sides of the slit beam and simultaneously
tracks decentration due to eye movements [105]. The reported densitometry is the highest value found in
the cornea. The lens densitometry was not analyzed since the pupil was not dilated.

4.2.2

Results

In this study, eyes with abnormal large values of corneal densitometry were artificially classified as eyes
with a certain degree of corneal opacification (37.7 of corneal densitometry against an averaged corneal
densitometry of 28.1 ±1.8 for the rest of the volunteers) (Figure 4.6). A previous study on 445 healthy
participants found a mean corneal densitometry that is in agreement with our laboratory-sample
classification (25.81 ± 5.14) [106]. Eyes with large OSI values and transparent corneas were artificially
classified as eyes with cataracts (2.9, 3.6 and 4.9 OSI against an OSI average of 0.75 ±0.4 for the rest of
volunteers). Overall, we had 9 healthy eyes, 3 with cataracts and 1 with corneal opacification (Table 4.2).
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Figure 4.6. Image of the eye with a corneal densitometry of 37.7 taken Scheimpflug camera Galilei 6. In green the
densitometry profile corresponding to the red line.
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Healthy eye

Cataract

Corneal opacity

P3

0.43

0.24

0.15

P4

0.69

0.62

0.59

Figure 4.7. Purkinje images (left) from a healthy eye (top), eye with a cataract (middle) and eye with a corneal
opacification (bottom), and the corresponding P3 and P4 intensity profiles (right). The values of P3 and P4 contrasts
are also given.
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Table 4.2. Intraocular scattering values for healthy eyes, and with corneal opacifications and cataracts: contrast of
the Purkinje Images (P3, P4), OSI and corneal densitometry. The mean ± SD are shown as well as the range
(minimum and maximum values) (NA: Not Applicable as only 1 eye is available).

Mean ± SD [Range]

Healthy eyes

Corneal opacification

Cataracts

P3

0.45 ± 0.05

[0.39 , 0.53]

0.15 ± 0.0

[NA]

0.30 ± 0.09

[0.24 , 0.40]

P4

0.69 ± 0.05

[0.61 , 0.75]

0.59 ± 0.0

[NA]

0.58 ± 0.04

[0.53 , 0.62]

OSI

0.75 ± 0.44

[0.33 , 1.8]

0.73 ± 0.0

[NA]

3.79 ± 1.02

[2.9 , 4.9]

Densitometry

28.52 ± 1.77

[27 , 32]

37.67 ± 0.0

[NA]

26.5 ± 0.71

[26 , 27]

It is worth noting that in general P3 contrasts were lower than P4 contrasts although the reflectance of both
were expected to be about the same order of magnitude (RP3 ~ RP4 = 7x10-4) (refer to the state of the art for
more information). This may be due to the fact that the size of the P3 is larger than the P4, so that the same
amount of light is more widespread. Also, the posterior lens surface is smoother and the anterior surface
looks like ground glass (orange peel effect) (Figure 4.8) [107]. The reflection of the posterior lens surface
is done on the endothelial layer (the lens capsule, which is a cellular layer); this surface is considered to be
smoother than the anterior lens surface and, therefore, this gives rise to a better quality of the fourth Purkinje
image [108], from which a more marked profile is obtained in terms of intensity profile.
Another possible artifact could come from the position where the Purkinje images are formed. As we
commented in section 2.3, P3 is formed much closer to the retina than the other Purkinje images, which are
indeed closer to first surface of the lens; and even a telecentric objective lens with enlarged depth of field
was used to acquire at the same time both images, P3 could be more influenced by defocus resulting in a
lower contrast. Moreover, the fact that P3 is formed by the reflection on a rough surface made it difficult
the subjective task of focusing this image.
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Figure 4.8. Image of the first surface of the human lens taken with a slit-lamp. The roughness of the anterior lens
surface (orange peel effect), where the light is reflected to form P3, can be clearly seen.

Interestingly, the eye with corneal opacification was not linked to a large value of OSI. On the contrary,
eyes with cataracts had large OSI values.
Figure 4.9 shows P3 and P4 contrasts obtained with our experimental setup as a function of age. As with
the artificial eyes, the one with corneal opacification has P3 and P4 contrasts diminished with respect to
healthy eyes. However, eyes with cataracts were also linked to lower P3 and P4 contrasts. It should be
reminded that P3 was expected to remain constant in this last case.
Therefore, these results suggest that the P3 contrast in in-vivo eyes is not only affected by corneal scattering
as assumed as initial hypothesis. In fact, Navarro et al. reported that the roughness of anterior lens surface
is age dependent [107], which can affect the measured P3 contrast.
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Figure 4.9. Purkinje contrasts as a function of age. P3 contrast, in blue, P4 contrast in orange. Healthy eyes are
represented with a circular marker, eyes with cataracts with a triangle and the eye with corneal opacity with a square.
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To study this in more detail, data was classified among groups of age decades: <50, between 50 and 60 and
> 60 years old (Figure 4.10).

Figure 4.10. Purkinje contrasts as a function of age groups. P3 contrast in blue, P4 contrast in orange. Healthy eyes
are represented with a circular marker, eyes with cataracts with a triangle and the eye with corneal opacity with a
square. P3 contrast of the eye with corneal opacity is highlighted.

It can be seen that P3 contrasts decrease notably with age and that P4 contrasts remain more constant.
Furthermore, the P3 contrast for the eye with the opacification in the cornea has a marked lower value with
respect to the other eyes (healthy and with cataracts) of patients older than 60 years. This is in agreement
with the findings of Navarro et al. [107].
Moreover, the fact that P3 contrast values are much more similar inside each group of age than P4 might
indicate that age has an important impact on the P3 contrast computation while in the case of P4, this is not
so important. In fact, it is known that even the lens scattering increases with age [109], there is a huge
variability among individuals as the development of cataracts may differ notably among them.
In order to remove the P3 contrast dependency with age, a simple compensation by adding a constant was
applied. If the subject was younger than 50 years old, no compensation was used. If the subject was between
50 and 60 years old, we added a value of 0.1 to the measured P3 contrast. Finally, if the subject was older
than 60 years old, the compensation needed was found to be 0.25 (the data from the eye with corneal opacity
was not taken into account for this calculation). P3 contrast values as a function of age after this correction
are shown in Figure 4.11.
By doing so, P3 contrast becomes independent of the intraocular scattering associated with age. In other
words, all the healthy eyes and eyes with cataracts have similar P3 contrast, indicating that those eyes have
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similar corneal and anterior chamber scattering. On the other hand, the eye with abnormal high corneal
densitometry has the lowest P3 contrast as expected. Therefore, we can clearly distinguish between eyes
with transparent healthy corneas from those with abnormal high densitometry.
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Figure 4.10. Scatterplot showing the compensated P3 contrast as a function of age. Healthy eyes in blue, eyes with
cataracts in orange and the eye with corneal opacity in grey.

These preliminary results obtained at the laboratory level in real eyes indicated that our novel system was
able to assess intraocular scattering in an objective way. Additionally, from the Purkinje images we knew
if the intraocular scattering came from the cornea or the lens. However, only one eye with a certain degree
of corneal opacification was included in the analysis and, for this reason, a clinical study with a larger
sample, including eyes with cataracts and corneal disorders, was also conducted.
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5 Clinical study

In this chapter, we present the results of a clinical study carried out to validate the performance of the
developed system and the proposed methodology to account for scattering associated with different ocular
structures in a clinical environment. The study included healthy eyes, eyes with cataracts and eyes with
corneal disorders (CD). Since the number of eyes with CD was limited, we conducted an additional study
with 4 healthy young eyes wearing scatter-customized contact lenses (CLs) to simulate different levels of
corneal opacification. Finally, a method to make the P3 contrast independent of the lens scattering was also
developed.

5.1

Methods

5.1.1

Patients

This prospective, observational, cross-sectional, non-consecutive case series study included the analysis of
46 eyes of 46 patients with different grades of nuclear cataracts (30 nuclear and 16 mixed nuclear cataracts)
(age: 56.4 ± 10.0 years). For individuals who had bilateral cataract, only the left eye was selected.
Furthermore, 11 eyes from 11 patients (age: 38.8 ± 12.2 years) with CD such as keratitis, cornea Verticillata,
Fuchs dystrophy and complications from laser refractive surgery (Femto-LASIK) were also included in the
analysis. In patients undergoing refractive surgery, the corneal flap was created using the IntraLase
femtosecond laser and LASIK was performed using the Amaris Schwind excimer laser system with the
same profile treatment, at 6.3 mm optical zone, and a customized transition zone. The thickness of the flap
was of 120 microns and the residual stromal bed of 300 microns. Postoperative medication comprised
moxifloxacin hydrochloride (Vigamox) and dexamethasone phosphate (Dexafree) 4 times a day for 8 days
and artificial tears at least 5 times a day for 2 months.
Twenty-five eyes of healthy subjects were used as control group (age: 45.6 ± 11.6 years) in the study of
patients with cataracts. The inclusion criterion for the control group was restricted to eyes with a corrected
distance visual acuity (CDVA) of at least 20/20. On the other hand, 17 of them were also selected according
to the sample size and age, and used in the clinical study of patients with CD.
Patients with a history of ocular pathology, except cataract, CD and laser (Femto-LASIK) surgery, were
excluded from the analysis as well as those with a pupil diameter smaller than 4 mm.
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As commented above, an additional study was also carried out including 4 healthy eyes of 4 young patients
(age: 23.75 ± 3.40 years) wearing scatter-customized contact lenses (CLs) to simulate different levels of
corneal opacification.
The studies were conducted either at the University Vision Center - CUV (Terrassa, Spain) and Hospital
CIMA Sanitas (Barcelona, Spain) from April to September 2017 under the supervision of 3
ophthalmologists (J.C, S.S. and L.C.). After receiving a written and verbal explanation of the nature of the
study, all patients provided written informed consent (Appendixes A and B) before any examination and
ethical committee approval was obtained (Appendix C). The Declaration of Helsinki tenets of 1975 (as
revised in Tokyo in 2004) were followed throughout the study.

5.1.2

Cataract classification, corneal diagnostic and scattering measurement protocol

All patients underwent a detailed ophthalmologic and optometric examination. Cataracts were graded at
the slit lamp, and the pupil was dilated by instilling 0.2 ml of tropicamide 1.0%. Only eyes with a low to
moderate grade of nuclear and predominantly nuclear cataract in the LOCS III classification system were
included: from NO1 to NO3 (nuclear opalescence) and from C1 to C2 (cortical cataracts) or P1 to P2
(posterior subcapsular cataracts).
After a detailed slit lamp examination, patients were either diagnosed as having a CD such as ephitelial
disruption (keratitis) or a superficial, stromal or posterior corneal dystrophy (cornea Verticillata and Fuchs
dystrophy). Patients undergoing Femto-LASIK surgery were also carefully checked at the slit lamp. In any
case, post-LASIK patients with any loss of corneal transparency (haze), inflammation etc. were finally
selected for the CD group.
In all cases, the protocol throughout the study included the assessment of the intraocular scattering by the
HD Analyzer, C-Quant straylight meter, the Purkinje clinical prototype developed in this thesis and, finally,
the Pentacam Scheimpflug camera.
Measurements were performed in a dark room by trained optometrists and technicians. Firstly, we used the
HD Analyzer to measure the OSI value. In this case, measurements were done without pupil’s dilation and
using a diameter of 4.0 mm. Because optical quality might be dependent on the tear film quality,
measurements were taken just after a blink. The spherical refractive error was automatically corrected by
the DP system (from -8.00 to +6.00 D with an accuracy of 0.125 D), whereas astigmatism was corrected
with an external cylindrical lens (with an accuracy of 0.25 D) to obtain the best possible retinal image. We
did three consecutive measurements and the reported OSI value is the average of these individual
measurements. DP measurements of patients with a pupil diameter smaller than 4 mm were not considered
in the analysis.
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The protocol also included the assessment of the straylight in terms of Log(S) measured with the C-Quant
instrument. This test also gives an assessment of the reliability of the test outcome, specified as the expected
standard deviation (SD) and Q value, which is a further quality criterion. According to the manual of the
instrument, if the expected SD is less than 0.08 and Q is more than 1, the reliability of the result is considered
good. If the expected SD is less than 0.08 and Q is more than 0.5, the reliability is considered acceptable.
A warning is given if the expected SD is more than 0.08 or Q is less than 0.5. Eyes with outcomes fulfilling
this last condition were excluded from this study.
Patient’s pupil was then dilated with 0.2 ml of 1% tropicamide. After dilation, we acquired the Purkinje
images with our clinical prototype. The patients were asked to put the head on the chinrest while looking
at the blue light of the fixation target (FT). To ensure that the best focused image was obtained, a scanning
process varying the distance between the system and the eye was carried out. The reported Purkinje
contrasts for both the third and fourth Purkinje images (P3 and P4) are the average of the 3 images with the
highest contrasts. Purkinje images affected by the eye lips were excluded.
Finally, densitometry using the Pentacam was also assessed in patients with cataracts, corneal disorders and
of the control group. Pentacam is programmed to automatically locate the corneal apex and takes 25 images
over different meridians of eye with a uniform blue light source. Grayscale unit (GSU) is used to indicate
the densitometry output; the value ranges from 0 (minimum densitometry) to 100 (maximum densitometry).
In the study of eyes with cataracts, the reported densitometry value is the highest densitometry value found
in the lens after analyzing the 25 images registered in a single measurement. In the case of patients with
CD, the reported densitometry is the highest corneal value. Corneal densitometries with a value of 100 are
considered outliers and were not included in the statistical analysis to avoid biased results. Measurements
were performed just after a patient’s blink. In fact, Pentacam software detects if the patient blinks or the
eye moves during the image acquisition.

5.1.3

Statistical analysis

The data were analyzed using the SPSS software for Windows (V.24.0. Armonk, NY: IBM Corp.).
Comparisons were considered to be statistically significant for p values of less than 0.05. The Shapiro-Wilk
test (for populations of less than 30) and the Kolmogorov-Smirnoff test (for populations of 30 or more)
were used to evaluate the normal distribution of all variables. Descriptive data are shown as the mean ±
standard deviation (SD) for normally distributed variables; the median and interquartile range (IQR) are
given additionally for non-normally distributed variables.
The correlations of variables with age, i. e., contrast of Purkinje images (P3, P4), OSI, Log(S), and
densitometry was analyzed using either Pearson’s (r) or Spearman’s (rS) correlation coefficients for those
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with normal and non-normal distributions, respectively. Agreement between pairs of variables was also
studied using either Pearson’s (r) or Spearman’s (rS) correlation coefficients.
An independent sample t-test was used to compare the mean values of the main outcome measures for eyes
of the control group and with nuclear cataracts in terms of contrast of Purkinje images (P3, P4), OSI,
Log(S), and densitometry. The same test was used to compare mean values of eyes with CD (or
alternatively, with scatter-customized CLs) and the control group. In both cases, the Mann-Whitney U test
was used alternatively for non-parametric variables.
An analysis of variance (ANOVA) test was also used to compare the mean values of the main outcome
measures for eyes of the control group and with nuclear of different grades (LOCS III) (NO1, NO2 and
NO3). For those variables that did not meet the criteria for normal distribution, the Kruskal-Wallis test was
used to compare the data among subgroups. We carried out the same analysis to compare among naked
eyes and eyes wearing scatter-customized CLs with different levels of scattering.

5.2
5.2.1

Results of healthy subjects, patients with cataracts and corneal disorders
Age dependence of scattering in healthy eyes

As a preliminary approach to understand how intraocular scattering changes with age in terms of the several
tested variables, we carried out a first analysis considering only the 25 eyes of 25 healthy patients included
in the control group. As explained above, subjects included in the control group were those with healthy
eyes, without cataracts or CD, having therefore transparent cornea and lens. Of course, this does not mean
that the eye is completely free of scattering, but that it is non-pathologic. The reported densitometry in this
subsection corresponds to the highest value found in the lens as with age the transparency of the cornea is
almost unaffected [110].
As a representative example of the technologies analyzed in this thesis, Figure 5.1 shows the Purkinje,
Scheimpflug and DP images corresponding to an eye of a subject of the control group aged 30 years old.
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Figure 5.1. Purkinje (top left), Scheimpflug (top right) and DP (bottom) images of an eye of a healthy subject of the
control group aged 30 years old. The specific values of the contrast of the Purkinje images (P3 and P4), OSI, Log(S)
and densitometry are also given.

As a summary, patient demographics, manifest refraction as well as scattering variables are shown in Table
5.1. Sex distribution occurred with almost equal probability in the control group (48.0% male and 52.0%
female). In this case, all scattering variables were normally distributed except the P3 contrast (p = 0.009),
OSI (p = 0.014) and densitometry (p = 0.001).
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Table 5.1. Sex and age distribution, subjective refraction, CDVA (Corrected Distance Visual Acuity) and scattering
measurements in the control group: Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry. The mean ± SD and
the corresponding range (minimum and maximum values) are shown as well as the median and the interquartile
range (IQR) for those variables non-normally distributed. The SD in terms of percentage is also given for variables
related with scattering (SE: Spherical Equivalent; D: Diopters).

Mean ± SD and range [min, max]
Sex
Male

12

Female

13

45.6 ± 11.63

[29 , 63]

Sphere

-1.5 ± 2.7

[-7.5 , 2.25]

Cylinder

-0.5 ± 0.4

[-1.25 , 0]

SE

-1.8 ± 2.75

[-7.5 , 1.87]

CDVA

1.0 ± 0.00

[1.00 , 1.00]

0.51 ± 0.09 (18%)

[0.35 , 0.60]

Age (years)

Refraction (D)

P3
Median (IQR)

0.54 (0.17)

P4

0.69 ± 0.03 (4%)

[0.62 , 0.74]

OSI

0.63 ± 0.34 (54%)

[0.20 , 1.67]

Median (IQR)

0.55 (0.43)

Log(S)

0.98 ± 0.20 (20%)

[0.71 , 1.43]

Densitometry

14.23 ± 3.22 (22%)

[10.3 , 24.4]

Median (IQR)

12.57 (2.8)

The results obtained in terms of OSI seem to be in good agreement with those published elsewhere;
Martínez-Roda et al. [111] reported values of OSI of 0.55 ± 0.19 in patients within the decade between 41
and 50 years, which is slightly smaller than the value found in this study. In a posterior study [112], the
same authors reported a mean OSI of 0.67 ± 0.18 for a control group of 10 eyes with a mean age of 58
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years. However, in our study the variance linked to the OSI parameter is slightly larger (54%) than the
values reported formerly. Anyway, values are below 1, which correspond to normal eyes with low amounts
of scatter as established by other authors [76], [77].
A similar conclusion is reached in terms of Log(S). Martínez-Roda and colleagues found a Log(S) of 1.09
± 0.08 in the control group of 10 eyes, which is actually similar to that reported here [111]. Similarly to
OSI, the variance of Log(S) seems to be slightly larger (20%) in our population. A study of European
drivers proposed a value of 1.4 in terms of Log(S) as a safety limit for driving, and this seems to be coherent
with our findings, which are in fact much lower [113].
Regarding the results in terms of densitometry, in a first study [114] with 10 healthy patients (mean age:
22.90 ± 5.71 years), the authors found a mean densitometry of 9.0 ± 1.3. Another one [115] reported values
of 9.70 ± 1.29 when 30 healthy patients were considered (mean age: 68.40 ± 9.07 years). However, in our
study the mean value is of 14.23 ± 3.22.
Also from our results, the contrast of the third Purkinje image (P3) is linked to a slightly larger variance
than the fourth one (P4). Interestingly, P4 is the variable with the smallest variability among the eyes
included in this study (4%). This could possibly indicate that P3 is affected by other optical aspects rather
that the sole contribution of the scattering of the anterior segment of the eye, since eyes with same amount
of scattering can have different P3 contrast values.
Moreover, the averaged value of the P3 contrast seems to be less than that of the P4, as we have also seen
in the measurements made at the laboratory (section 4.2). Regardless the fact that both Purkinje images are
linked to similar levels of reflectance (around 30 times lower than P1) (see section 2.3 in the state of the
art), the 3rd one is much larger so that the energy is more widespread leading to a smaller contrast value.
Figure 5.2 depicts scatterplots for all scattering parameters as a function of age. Additionally, Table 5.2
shows the correlations found between age and each variable in terms of the Pearson (r) and Spearman’s (rs)
correlation coefficients for those with normal and non-normal distributions, respectively. There were
statistically significant correlations between age and P4 (r = -0.422, p = 0.045), OSI (rs = 0.498, p = 0.013),
Log(S) (r = 0.778, p < 0.001) and densitometry (rs = 0.604, p = 0.001). Only P3 contrast did not show a
significant correlation with age (rs = -0.254, p > 0.05).
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Figure 5.2. Scatterplots and corresponding linear regression (R2) of the scattering variables as a function of age for
the control eyes: Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry.

Table 5.2. Pearson’s† and Spearman’s‡ correlation coefficients and corresponding significance (p-value) between
age and scattering variables for the control eyes: Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry.

P3‡
Age

Correlation (linear)
p-value (linear)

*Statistically significant correlation.
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P4†

OSI‡

Log(S) †

Densitometry‡

-.254

-.422

.442

.778

.677

.253

.045*

.030*

<.001*

<.001*
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With age, the cornea transparency is almost unaffected in the central area in absence of scar or degeneration
[110] while, even in the absence of cataract, there is a steady increase in the overall light-scattering because
of the lens. Studies [73], [75], [116] have used different methods to evaluate scattered light in the eye and
have reported a rapid increase in forward scatter after the age of 45.
In the present study, we found significant correlations in terms of Log(S), densitometry and OSI vs. age.
van den Berg et al. [10] also found that in noncataractous eyes straylight values increase strongly with age
as: Log(S) = constant + log(1 + (age / 65)(4)), doubling by the age of 65 years, and tripling by the age of
77 years. Large-scale Scheimpflug studies (1040 eyes of 1685 individuals) have also revealed an
exponential increase in light-scattering in the lens with age [109], in line with the findings of our study.
Additionally, Martínez-Roda et al. [111] reported a marked growth of scattered light in terms of OSI with
age, with doubled values for the last decade considered (61 to 70 years) with respect to subjects aged from
31 to 40 years old. Saad et al. [12] also found that scattering increased with age when comparing OSI values
of two control groups (<30 years old and >40 years).
One possible explanation for the stronger correlation found in terms of Log(S) is that it is also affected by
sensory and perceptual factors. In fact, some authors have suggested that the optical deficits beyond 30
years of age are compensated during the first decades of adult life by means of sensory and perceptual
factors, which through neural adaptation preserve visual function until the age of 50; and that beyond the
age of 50 this compensation is less effective [111].
On the other hand, the outcomes of our study in terms of P4, which decreases with age, are in agreement
with our initial hypothesis, suggesting that P4 is affected by the scattering of the lens apart from the
preceding scattered light coming from the cornea and the aqueous humor. We also hypothesized that P3
contrast contains information about the scattering of the cornea and the aqueous humor. And the results
found in healthy eyes seem to be in agreement with this as from Figure 5.2 it is evident that P3 contrast
does not show a marked trend vs. age (the correlation is not significant). Accordingly, we can conclude that
P3 does not include relevant information from the lens scattering, which is expected to increase with age
[109].
This is slightly different to what we observed in the former chapter (see section 4.2), in which a P3 contrast
compensation as a function of age was applied as a means of removing the likely impact of the roughness
of the anterior lens surface on the contrast computation (orange peel effect). In fact, if data of healthy eyes
are grouped in decades of age, a decline is not observed in terms of P3 contrast (Figure 5.3); moreover,
there is a large variability within groups. We also represented P4 contrast grouped in decades of age, which
shows an age dependency and, as previously commented, can be attributed to the loss of transparency of
the human lens ageing.
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Figure 5.3. P3 (left) and P4 (right) contrasts as a function of age groups.

Bivariate correlations as well as the corresponding linear regression between pairs of variables used to
assess intraocular scattering are shown in Figure 5.4 as well as in Table 5.3.
The results indicate that there is a significant correlation between densitometry and P4 (rs = -0.611, p =
0.002), densitometry and Log(S) (rs = 0.571, p = 0.003), and between OSI and Log(S) (rs = 0.450, p = 0.027).
Interestingly, P3 contrast does not correlate significantly with any other variable (p > 0.05). Only P3 and
P4 contrasts share approximately 22% of information about intraocular scattering if one takes into account
the coefficient of determination (R2) shown in Figure 5.4. From the assumption that P3 is mainly influenced
by scattering coming from the cornea while P4 is also influenced from that of the lens, it could be therefore
inferred that, at least in healthy patients, about 22% of the intraocular scattering has a different origin rather
than scattering from the lens.
On the other hand, the P4 contrast correlates significantly with densitometry (p = 0.002). Note that
densitometry - at least in the way that we measured it - is only associated with lens opacities. However, no
correlation was found between P3 contrast and densitometry (p > 0.05). These statistical results support
again the hypothesis that P3 does not include the lens scattering while P4 does.
The fact that OSI correlates with Log(S) and not with densitometry could be explained if one considers that
both account for forward scattering as several authors have previously pointed out [76], [111], [112], while
densitometry would be more affected by the lens back-scattering, similarly to slit-lamp observations.
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Figure 5.4. Scatterplots and corresponding linear regression (R2) of the scattering variables as a function of age for
the control eyes: Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry.

Table 5.3. Pearson† and Spearman’s‡ correlation coefficients and corresponding significance (p-value) between
scattering variables.

P3

P4

OSI

Log(S)

Densitometry

P3

-

P4

.376(.102)‡

-

OSI

-.025(.915)‡

-.341(.120) ‡

-

Log(S)

-.288(.193)‡

-.360(.091) †

.450(.027)* ‡

-

Densitometry

-.132(.559)‡

-.611(.002)*‡

.339(.105)‡

.571(.003)*‡

-

*Statistically significant correlation.

5.2.2

Analysis of scattering in eyes with cataracts

Figures 5.5, 5.6 and 5.7 show representative examples of the Purkinje, Scheimpflug and DP images
corresponding to cataracts graded as NO1, NO2, and NO3, respectively.
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P3

P4

OSI

Log(S)

Densitometry

0.39

0.64

0.97

0.99

17.1

Figure 5.5. Purkinje (top left), Scheimpflug (top right) and DP (bottom) images of a cataract graded as NO1 of a subject
aged 58 years old. The specific values of the contrast of the Purkinje images (P3 and P4), OSI, Log(S) and densitometry
are also given.
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P3

P4

OSI

Log(S)

Densitometry

0.28

0.59

2.30

1.20

21.7

Figure 5.6. Purkinje (top left), Scheimpflug (top right) and DP (bottom) images of a cataract graded as NO2 of a subject
aged 67 years old. The specific values of the contrast of the Purkinje images (P3 and P4), OSI, Log(S) and densitometry
are also given.
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P3

P4

OSI

Log(S)

Densitometry

0.22

0.56

2.90

1.51

24.1

Figure 5.7. Purkinje (top left), Scheimpflug (top right) and DP (bottom) images of a cataract graded as NO3 of a subject
aged 63 years old. The specific values of the contrast of the Purkinje images (P3 and P4), OSI, Log(S) and densitometry
are also given.

Table 5.4 summarizes the patients’ demographics as well as the subjective refraction, CDVA and scattering
parameters for the cataract group. Data for the control group is provided again for comparison purposes.
Scattering values found using each of the tested techniques are also provided. Sex distribution of the whole
cohort was: 40.8% male and 59.2% female. Age distribution and results as a function of the cataract severity
determined by means of the LOCS III classification system are summarized in Table 5.5.
In this case, all scattering variables were normally distributed except OSI (p = 0.001) and densitometry (p
= 0.008).
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Table 5.4. Sex and age distribution, subjective refraction, CDVA (Corrected Distance Visual Acuity) and scattering
measurements in the cataract and control groups: Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry. The
mean ± SD and the corresponding range (minimum, maximum) are shown as well as the median (IQR) for those
variables non-normally distributed.

Mean ± SD and range [min, max]
Cataract Group

Control Group

Sex
Male

17

12

Female

29

13

56.4 ± 10.0 [24 , 69]

45.6 ± 11.6 [29 , 63]

Sphere

0.3 ± 3.0 [-7.0 , 5.5]

-1.5 ± 2.7 [-7.5 , 2.5]

Cylinder

-0.8 ± 0.6 [-2.5 , 0]

-0.5 ± 0.4 [-1.25 , 0]

SE

-0.1 ± 3.0 [-7.6 , 4,6]

-1.8 ± 2.8 [-6.75 , 1.9]

CDVA

0.98 ± 0.19 [0.40 , 1.00]

1.00 ± 0.00 [1.00 , 1.00]

P3

0.38 ± 0.12 [0.16 , 0.69]

0.52 ± 0.08 [0.35 , 0.60]

P4

0.60 ± 0.07 [0.45 , 0.74]

0.69 ± 0.03 [0.62 , 0.74]

OSI

1.36 ± 0.70 [0.50 , 2.90]

0.61 ± 0.27 [0.20 , 1.20]

1.15 (0.90)

0.55 (0.40)

1.24 ± 0.24 [0.82 , 1.59]

0.93 ± 0.15 [0.71 , 1.21]

Age

Refraction [D]

Median (IQR)

Log(S)

14.01 ± 3.33 [10.30 ,
Densitometry
Median (IQR)
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18.28 ± 3.96 [12.60 , 25.90]

24.40]

17.05 (5.95)

13.20 (3.65)
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Table 5.5. Age distribution, CDVA (Corrected Distance Visual Acuity) and scattering measurements by grade of
cataract NO (LOCS III classification): Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry. The mean ± SD and
the corresponding range (minimum, maximum) are shown as well as the median (IQR) for those variables nonnormally distributed.

Mean ± SD
Range [min, max]
Cataract Group (NO)
LOCS III
Age

CDVA

P3

P4

OSI

Median (IQR)

Log(S)

1

2

3

52.95 ± 11.94

56.3 ± 7.7

66.0 ± 2.9

[24 , 61]

[44 , 67]

[63 , 69]

1.00 ± 0.00

0.91 ± 0.21

[0.90 , 1.00]

[1.00 , 1.00]

[0.40 , 1.00]

0.41 ± 0.14

0.37 ± 0.08

0.31 ± 0.08

[0.16 , 0.69]

[0.23 , 0.52]

[0.22 , 0.40]

0.62 ± 0.05

0.63 ± 0.09

0.57 ± 0.03

[0.51 , 0.70]

[0.47 , 0.74]

[0.53 , 0.60]

1.00 ± 0.36

1.39 ± 0.61

2.40 ± 0.66

[0.50 , 1.80]

[0.50 , 2.30]

[1.50 , 2.90]

0.90 (0.53)

1.20 (1.07)

2.60 (1.20)

1.22 ± 0.25

1.15 ± 0.19

1.34 ± 0.24

[0.82 , 1.59]

[0.83 , 1.36]

[1.06 , 1.56]

0.99 ± 0.00

20.38 ± 2.60
Densitometry

Median (IQR)

17.32 ± 3.81

17.87 ± 4.12

[18.10 ,

[12.60 , 25.00]

[13.90 , 25.90]

24.10]

16.35 (5.63)

16.10 (6.60)

19.65 (4.68)

In view of the results, it is interesting to note that in general all scattering parameters are in agreement with
the LOCS III grade (NO). In the same way, CDVA decreases as the cataract grade increases. Surprisingly,
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the mean CDVA of group NO2 (1.00) is slightly higher than that of NO1 (0.99). In fact, visual acuity is
very similar among all groups of patients. It is also relevant that in terms of Log(S), the averaged value for
NO2 (1.15) is slightly lower than that of NO1 (1.22). Similarly, both groups show very similar outcomes
in terms of P4 and densitometry.
In a study by Artal et al. [4], the OSI was compared with the LOCS III in 53 eyes, 15 belonging to a group
of healthy young subjects (28±5 years) while the others (38) corresponded to patients with diagnosed
nuclear cataracts (73±7 years). In their study, the authors reported that healthy eyes have a small OSI value,
typically below 1. However, the OSI for cataract groups was of 3.0 (NO2), 6 (NO3) and 9 (NO4) ,
respectively, from which they established a classification of eyes with different degrees of scattering based
on the OSI: OSI below 1 correspond to normal eyes with low amounts of scatter, between 1 and 3 to older
eyes with associated scatter of an early cataract, between 3 and 7 to developed cataracts that should undergo
surgery, and higher than 7 to eyes with severe cataracts. Later, Vilaseca et al. [77] reported mean OSI values
of 2.24, 3.82, and 5.74 in 123 eyes with nuclear cataracts classified as NO1, NO2 and NO3, respectively.
While for eyes of the control group (117), OSI was on average lower than 1, too.
From the results found in our study, it is obvious that eyes of the control group are also linked to OSI values
below 1; nevertheless, the values for eyes with cataracts are much below than those reported previously:
1.00 (NO1), 1.39 (NO2) and 2.40 (NO3). In a similar way, in our study CDVA values are also higher - 0.99
(NO1), 1.00 (NO2) and 0.91 (NO3) - than those reported by Vilaseca and coworkers (0.81, 0.53 and 0.31),
meaning that ophthalmologists that graded cataracts in both studies probably had slightly different criteria.
As we anticipated in the state of the art, slit lamp gradation is linked to subjective criteria from the examiner,
even when comparing with the standards of the LOCS III classification system. In fact, authors have
analyzed the reliability of this test when different observers are involved in the comparison and have found
that results may show variability [117]. This highlights the need to look for alternative and more reliable
methods to clinically grade cataracts.
The same reasoning is valid when comparing our findings in terms of Log(S) (0.93 in healthy eyes vs. 1.24
in cataracts) with those published for the C-Quant instrument. Bal et al. [113] measured the straylight of 97
eyes with cataracts (Log(S) = 1.66) and 38 cataract-free eyes from healthy subjects (Log(S) = 1.24) and
found significant differences between them (p < 0.001). In the same study, a limit for safety driving was
established at Log(S) = 1.4, while we have reported a mean Log(S) of 1.24 for the whole cataract group,
which is much below. This is again in line with the criteria used by ophthalmologists, much more restrictive
in our study.
On the other hand, our measured densitometry values in eyes graded as NO1 and NO2 are slightly higher
than those previously reported, similarly to what was found in eyes of the control group in the previous
section. In fact, Pei et al. [115] reported a mean densitometry of 9.7 for healthy eyes, 10.5 for NO1, 14.1
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for NO2 while we found values of 14.31, 17.32 and 17.87, respectively. Nevertheless, very similar values
for cataracts graded as NO3 were reported in both studies (20.7 vs 20.38). As we already did with healthy
eyes in the former section, the relationship between age and intraocular scattering was analyzed when eyes
with cataracts were also included in the analysis (Figure 5.8 and Table 5.6).

Figure 5.8. Scatterplots and corresponding linear regression (R2) of the scattering variables as a function of age for
the control eyes (in green) and with cataracts (blue): Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry.
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Table 5.6. Pearson’s‡ and Spearman’s† correlation coefficients and corresponding significance (p-value) between
age and measured variables: Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry.

P3‡
Age

Correlation (Linear)
p-value (Linear)

P4‡

OSI†

Log(S) ‡

Densitometry†

-.562

-.602

.551

.603

.759

<.001*

<.001*

<.001*

<.001*

<.001*

As expected, there were significant correlations between all parameters and age. In the former section, we
did not find a significant correlation between P3 contrast and age in healthy eyes. Accordingly, we
concluded that P3 did not include relevant information from the lens scattering, which is expected to
increase with age indeed. However, when analyzing together the control group and eyes with cataracts, a
correlation between age and P3 contrast is found (r = -0.562, p < 0.001). Therefore, this result indicates
that, unexpectedly, cataracts can have a certain influence on the P3 contrast.
Coming back to Figure 5.8, it can be seen that even the continuous growing tendency of scattering with
age, beyond the 50s the data clouds appear to be more widespread in terms of all variables. Thus, for
cataractous patients of the same age, we found a larger variability in terms of measured scattering. This
change of data distribution occurs at the age where the risk of cataract formation starts [118], [119]; and,
of course, not all patients have the same development of the cataract with age.
Figure 5.9 shows the boxplots of the measured intraocular scattering as a function of cataract severity
(LOCS III). As it can be seen, we found agreement between cataract grade and any of the techniques used
in this clinical study to account for scattering.
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Figure 5.9. Boxplots showing each scattering parameter as a function of the LOCS III classification (NO1, NO2, and
NO3) and the control group (0). Five statistical descriptors are shown in these plots: maximum, third quartile, median,
first quartile and minimum as well as the outliers.
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The t-test for parametric data and the Mann-Whitney test for the non-normal distributed data confirmed
that there were statistically significant differences between eyes of the control and cataract groups in terms
of any of the parameters analyzed (Table 5.7).
Table 5.7. Results of the t-test and Mann-Whitney test to account for differences between eyes of the control group
and with nuclear cataracts in terms of contrast of Purkinje images (P3, P4), OSI, Log(S), and densitometry.

T-test t† (Mann-Whitney z‡)

p-value

P3

4.298†

<.001*

P4

5.346†

<.001*

OSI

-4,450‡

<.001*

Log(S)

-4.703†

<.001*

Densitometry

-3,827‡

<.001*

*Statistically significant differences.

Posteriorly, an ANOVA test for normal distributed data, and the Kruskal-Wallis test for the non-normally
distributed, confirmed that there were statistically significant differences among the LOCS III groups (NO1,
NO2 and NO3) (p<0.05) for all parameters analyzed (Table 5.8). Again, significant differences were also
found in terms of P3 contrast (p = 0.001). As we anticipated when analyzing the age dependence, these
results suggest that P3 is affected to some extent by cataracts.
Table 5.8. Results of the ANOVA and Kruskal-Wallis tests to account for differences among eyes of the control group
and with nuclear cataracts graded as NO1, NO2, and NO3 (LOCS III) in terms of contrast of Purkinje images (P3,
P4), OSI, Log(S), and densitometry.

ANOVA F† (Kruskal-Wallis H‡)
P3

6.290†

.001*

P4

13.227†

<.001*

OSI

31.946‡

<.001*

8.941†

<.001*

17.172‡

.001*

Log(S)
Densitometry
*Statistically significant differences.
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Again, these results are in agreement with other studies that have previously demonstrated the
correspondence between the outcomes of the commercial techniques that account for intraocular scattering
and the LOCS III classification system.
As already commented, in the study by Artal et al. [4], the OSI was compared with the LOCS III in 53 eyes,
15 belonging to a group of healthy young subjects while the others (38) corresponded to patients with
diagnosed nuclear cataracts and found that the correlation of the cataract gradation between OSI and LOCS
III was significant. Vilaseca et al. [5] in a study with 188 eyes, including nuclear, cortical and subcapsular
cataracts, also found that OSI for eyes of the control group was on average lower than 1, whereas this
parameter was higher when the LOCS III cataract gradation increased.
Studies comparing Log(S) and LOCS III have also found agreement between those techniques. These
parameters have been compared in 97 cataractous eyes and 38 cataract-free control subjects, where the
Mann-Whitney Test revealed that straylight was significantly increased in the cataract group relative to the
control group (p<0.01) [113]. Another study including 53 eyes with cataract and 9 young volunteers
concluded that straylight differed by a statistically significant amount among different LOCS III groups
(p<0.05) [84].
Domínguez-Vicent et al. [120] showed a positive and significant correlation (p<0.05) between Scheimpflug
densitometry and LOCS III in a study where 95 eyes with nuclear (50) and cortical (45) cataracts were also
included as well as 35 eyes without cataract as control group.
Similarly to the former section, we analyzed the existing correlations between pairs of techniques when
dealing with healthy eyes and with cataracts (Figure 5.10 and Table 5.9).
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Figure 5.10. Scatterplots and corresponding linear regression (R2) of the scattering variables for the control eyes
(green) and with cataracts (blue): Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry.

Table 5.9. Pearson’s† and Spearman’s‡ correlation coefficients and corresponding significance (p-value) between
intraocular scattering parameters.

P3

P4

OSI

Log(S)

Densitometry

P3

-

P4

.617† (<.001)*

-

OSI

-.403‡ (.003)*

-.504‡ (<.001)*

-

Log(S)

-.446† (<.001)*

-.570† (<.001)*

.577‡ (<.001)*

-

Densitometry

-.575‡ (<.001)*

-.719‡ (<.001)*

.413‡ (.001)*

.632‡ (<.001)*

-

*Statistically significant correlation.
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Both Purkinje contrasts (P3 and P4) as well as OSI, Log(S) and densitometry significantly correlated
between each other (p<0.05). It should be reminded that P3 contrast did not correlate with any other variable
when only healthy eyes were considered; even though it is also worth noting that all correlations in terms
of P3 contrast were weaker than in terms of P4 contrast.
When analyzing the outcomes of the commercial systems involved in the study, the weakest correlation
was found between OSI and Scheimpflug densitometry (r = 0.413, p = 0.001). This disparity could be
explained by the differences between methods. OSI is computed for a pupil diameter of 4 mm as a whole.
On the contrary, Scheimpflug densitometry can be influenced by local lens opacities; additionally, the
systems do not use the same wavelength (NIR vs. blue), and in some cases where eyes are greatly affected
by higher order aberrations, OSI could be abnormally increased; OSI is actually computed as the ratio
between the amount of light recorded inside an annular area between 12’ and 20’ and that recorded closer
to the peak, specifically in a circular area of a radius of 1’ from the central peak. Therefore, it is susceptible
to artefacts related to the effect of aberrations, mainly higher order ones as defocus and astigmatism are
corrected to perform the measurement with the DP system. Finally, the DP technique is related with forward
scattering while Scheimpflug densitometry mainly accounts for backscattered light. As some researchers
have already discussed [46], the behavior of back and forward scattering is somehow related but one cannot
be derived from the other [121], [122].
Lim et al. [123] conducted a study including 70 eyes with age-related nuclear cataract and compared the
objective assessment of lens density with the DP (OSI) and the Pentacam Scheimpflug camera. They
reported that OSI correlated with the Scheimpflug-measured lens density (r =0 .764, p < 0.01), which is
indeed a larger value than the one found in our study. However, they just included eyes with mature
cataracts (LOCS III ≥ 1) and probably this resulted in the higher correlation. On the contrary, Crnej et al.
[124] also compared OSI and densitometry in eyes with cataracts, reporting a lower correlation than the
one found in this thesis (r = 0.32, p = 0.024). The study included 56 eyes of patients (mean age: 71 years)
that had predominantly nuclear sclerotic (15), cortical (13), posterior subcapsular (11) and mixed cataracts
(15).
Comparisons between OSI and Log(S) have been published previously. In a study with 78 cataractous eyes
(including nuclear, cortical and posterior subcapsular cataracts) and 10 healthy eyes, Martinez-Roda and
colleagues [112] found a correlation of r = 0.66, which is pretty similar to our results (r = 0.577, p < 0.001).
Surprisingly, different values were published in the study carried by Crnej et al. [124] in which the authors
did not find a good correlation between the 2 forward light-scatter measurements. These authors showed
that the OSI values were relatively low for cortical cataracts because the center of the crystalline lens is
clear, being opaque in the periphery only.
As pointed out by Barrionuevo et al. [104], who measured straylight and PSFs in 10 young subjects with
an uncorrected visual acuity (UDVA) of at least 20/20, the lack of correlation could be explained by the
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differences in the principle of operation of both systems. The C-Quant straylight meter is a psychophysical
method that involves the optical aspects for assessment, the posterior neural processing, and the response
criterion. The DP technique is a physical measurement. Furthermore, each system measures a different
angle of light scatter. The straylight meter measures a 5º to 10º angle from the visual axis, and the PSF
measurement angle is much below 1º as commented formerly. Another possible reason for the difference
between the devices is that the DP method uses NIR light, which is partially absorbed in the retina
[125],[126].
Overall, despite the slightly differences between methods, all them seem to be useful for cataract diagnosis
as they are in rather agreement with the LOCS III classification. All them showed significant differences
between healthy eyes and those with cataracts. Moreover, statistically significant differences were also
reported among subgroups of cataracts, that is, from different grades.
On the other hand, it is also remarkable that the Purkinje system, and especially P4, does not take into
account the contribution in scattering of the posterior segment of the eye (i. e., vitreous and retina) while
the OSI can be affected by the retinal scattering and also by that coming from deeper layers as the choroid
[126], [90].
Regarding the hypothesis that P3 provides information of the cornea and the aqueous humor, without
including the lens contribution, our data suggest that the P3 contrast is affected to some extend by lens
scattering. However, the correlations of P3 contrast with OSI, Log(S) and lens densitometry are weaker
than those found in terms of P4 contrast, meaning that P3 is less dependent on lens scattering than P4.
From a qualitative point of view, the detailed analysis of our Purkinje images in eyes with cataracts also
reveal that in some cases a ghost image appears between P3 and P4; in some cases it overlaps with P3
affecting the P3 contrast computation (Figure 5.11). Therefore, the ghost image could explain the fact that
cataracts affect the P3 contrast, although it was expected to be independent of lens scattering.
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Figure 5.11. Purkinje (top) and Scheimpflug (bottom) images from an eye without (left) and with (right) the ghost image.

Our hypothesis is that the formation of a cataract implies a change in the refractive index inside the lens,
which in some cases cause additional internal reflections, i. e., additional Purkinje images, causing the ghost
image to appear. Note that the ghost image seems to be related with the high-density area seen in the
corresponding Scheimpflug images so that it can also correspond to backscattered light from this region.
In fact, the anatomy of the human lens and changes that occur when a cataract appears have been previously
discussed, and authors have suggested that a cataract can lead to discontinuity zones, already observed by
means of a Scheimpflug camera [127] [Figure 5.12 (top)]. Castro and coworkers [128] have recently
developed a swept-source optical coherent tomography system (SS-OCT) able to characterize different
features in the crystalline lens, and those of older adults with and without a cataract have been measured.
They have found that the most common and notable opacities extend parallel to either the anterior or the
posterior surface of the lens and that these are always hyperreflective [Figure 5.12 (bottom)]. Therefore,
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the ghost image that appears in some of the images taken with our system can probably be explained
because of this.
On the other hand, the human lens roughness of its anterior surface has an age dependency, the well-known
orange peel effect described by Navarro et al. [107] as previously commented, and this could have also an
impact on the sharpness of P3 in some patients.

Figure 5.12. (Top) Simulation of reflected and scattered light compared to a Scheimpflug image showing zones of
discontinuity in refractive index [127]. (Bottom) Cortical cataract imaged with SS-OCT in the right eye of a 63-year-old
female pre–cataract surgery patient. Central cross-section (A), lateral projection of the volume maximum intensity (B),
and axial projection of the anterior (C) and the posterior (D) part of the crystalline lens. The lateral projection of the
maximum intensity allowed observing the extent of the opacities and their location either in the anterior or posterior
cortex of the crystalline lens. Scale bars: 1 mm (Source: de Castro et al. 2018 [128]).

5.2.3

Analysis of scattering in eyes with corneal disorders

Figures 5.13, 5.14 and 5.15 show representative examples of the Purkinje, Scheimpflug and DP images
corresponding to an eye undergoing refractive surgery, an eye with cornea Verticillata and another one with
Fuchs dystrophy, respectively. As explained in the method section, this clinical study involved the analysis
of eyes with CD and their comparison with healthy eyes. The reported densitometry in this subsection
corresponds the highest value found in the cornea.
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P3

P4

OSI

Log(S)

Densitometry

0.43

0.62

1.10

1.07

37.0

Figure 5.13. Purkinje (top left), Scheimpflug (top right) and DP (bottom) images of a post-LASIK eye of a subject aged
38 years old. The specific values of the contrast of the Purkinje images (P3 and P4), OSI, Log(S) and densitometry are
also given.
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P3

P4

OSI

Log(S)

Densitometry

0.35

0.58

6.70

1.43

38.9

Figure 5.14. Purkinje (top left), Scheimpflug (top right) and DP (bottom) images of an eye with cornea Verticillata of a
subject aged 65 years old. The specific values of the contrast of the Purkinje images (P3 and P4), OSI, Log(S) and
densitometry are also given.
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P3

P4

OSI

Log(S)

Densitometry

0.54

0.59

3.80

1.21

35.2

Figure 5.15. Purkinje (top left), Scheimpflug (top right) and DP (bottom) images of an eye with an eye with Fuchs
dystrophy of a subject aged 635 years old. The specific values of contrast of the Purkinje images (P3 and P4), OSI,
Log(S) and densitometry are also given

Table 5.10 summarizes the patients’ demographics as well as the subjective refraction, CDVA for the
control and CD groups. Scattering values found using each technique are also provided. Sex distribution
occurred with the following probability: 55.5% female and 45.5% male for eyes with CD, and 52.9% female
and 47.1% male for the control group. In this case, it is noticeable that the refractive error is much smaller
in the CD than in the control group, since the first one included post-LASIK eyes.
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Table 5.10. Sex and age distribution, subjective refraction, CDVA (Corrected Distance Visual Acuity) and scattering
measurements in the CD and control groups: Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry. The mean ±
SD and the corresponding range (minimum, maximum) are shown as well as the median and the interquartile range
(IQR) for those variables non-normally distributed (SE: Spherical Equivalent; D: Diopters).

Mean ± SD and range [min, max]
CD Group

Control Group

Sex
Male

5

8

Female

6

9

38.8 ± 12.2 [24 , 65]

39.9 ± 8.5 [29 , 52]

Sphere

-0.05 ± 1.42 [-3.75 , 0]

-1.44 ± 2.44 [-7.5 , 2.5]

Cylinder

-0.41 ± 0.55 [-1.50 , 0]

-0.44 ± 0.35 [-1.25 , 0]

SE

-0.23 ± 0.68 [-2.13 , 0]

-1.66 ± 2.59 [-6.75 , 0]

CDVA

0.98 ± 0.30 [0.8 , 1.0]

1.0 ± 0.0 [1.0 , 1.0]

0.45 ± 0.12 [0.23 , 0.60]

0.52 ± 0.07 [0.37 , 0.60]

0.47 (0.19)

0.54 (0.11)

0.62 ± 0.03 [0.58 , 0.70]

0.70 ± 0.03 [0.62, 0.74]

0.62 (0.04)

0.71 (0.05)

2.49 ± 1.78 [0.40 , 6.70]

0.55 ± 0.26 [0.20 , 1.20]

2.05 (2.03)

0.50 (0.35)

1.31 ± 0.23 [1.07 , 1.77]

0.89 ± 0.13 [0.71 , 1.10]

1.28 (0.36)

0.90 (0.21)

34.37 ± 3.78 [30.00 , 39.20]

30.28 ± 1.64 [27.60 , 33.40]

33.75 (7.55)

30.10 (2.05)

Age

Refraction [D]

P3
Median (IQR)

P4
Median (IQR)
OSI
Median (IQR)
Log(S)
Median (IQR)

Densitometry
Median (IQR)
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All scattering parameters analyzed rejected the null hypothesis of normal distribution (p<0.05), probably
due to the smaller sample size (Table 5.11).

Table 5.11. Shapiro-Wilk test of normality for scattering measurements in the CD and control groups: Purkinje
contrasts (P3, P4), OSI, Log(S) and densitometry.

Statistic

p-value

P3

.902

.015*

P4

.923

.048*

OSI

.694

.000*

Log(S)

.918

.036*

Densitometry

.859

.002*

*Statistically significant value.

As we also did for healthy eyes and eyes with cataracts, we studied the dependence of scattering with age
in eyes with CD. Figure 5.16 depicts the corresponding scatterplots. The results were fitted by using a linear
regression model.
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Figure 5.16. Scatterplots and corresponding linear regression (R2) of the scattering variables as a function of age for
the control eyes (in green) and with CD (blue): Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry.
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No statistically significant correlations could be established between scattering and age when analyzing
eyes with CD (p > 0.05) (Table 5.12). This can be explained by the fact that CDs are not age-related
pathologies as well as there is less data available than in the study of cataracts.

Table 5.12. Spearman’s† correlation coefficients and corresponding significance (p-value) between age and
measured variables: Purkinje contrasts (P3, P4), OSI, Log(S) and Densitometry.

P3
Age

Correlation (Linear)

P4

OSI

Log(S)

Densitometry

-.187

-.117

-.021

.246

.014

.351

.552

.914

.207

.946

p-value (Linear)
*Statistically significant correlation.

The Mann-Whitney test to compare the measured scattering between healthy eyes and eyes with CD
revealed statistically significant differences in terms of all variables analyzed (p<0.05) (Table 5.13).
Therefore, in view of the results P3 seems to provide information about the scattering of the cornea in eyes
with CD.
Table 5.13. Results of the Mann-Whitney test to account for differences between eyes of the control group and with
CD in terms of contrast of Purkinje images (P3, P4), OSI, Log(S), and densitometry.

Mann-Whitney U
p-value

P3

P4

OSI

Log(S)

Densitometry

52.000

17.000

12.500

7.500

29.000

.030*

<.001*

<.001*

<.001*

.005*

Regardless the differences found, the P3 contrast is the variable with the lowest significance for the MannWhitney test. Again, this can probably be attributed to the larger variability of this parameter, which could
be affected by other factors. For instance, P3 contrast is lower than P4 and the signal-to-noise ratio can be
worse. Moreover, the third Purkinje image is formed much closer to the retina than the other ones, which
are indeed closer to first surface of the lens; and even we use a telecentric objective lens with enlarged
depth of field to acquire at the same time both images, P3 could be more influenced by defocus. Moreover,
as we already commented in section 5.2.2, the roughness of the anterior lens surface could have an influence
on the P3 contrast even in the absence of a cataract [107].
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Bivariate correlations as well as the corresponding linear regression between pairs of variables used to
assess intraocular scattering in eyes with CD are shown in Figure 5.17 and Table 5.14.
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Figure 5.17. Scatterplots and corresponding linear regression (R2) of the scattering variables for the control eyes (in
green) and with CD (blue): Purkinje contrasts (P3, P4), OSI, Log(S) and densitometry.

Table 5.14. Spearman’s correlation coefficients and corresponding significance (p-value) between intraocular
scattering parameters.

P3

P4

OSI

Log(S)

Densitometry

P3

-

P4

.565 (.002)*

-

-.341(.082)

-.606 (.001)*

-

-.592 (.001)*

-.686 (<.001)*

.644 (<.001)*

-

<.001(.999)

-.455 (.017)*

.745 (<.001)*

.394(.042)*

OSI
Log(S)
Densitometry

*Statistically significant correlations.
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As it can be seen, there is a significant correlation between the contrasts of P3 and P4 (rs = 0.565, p = 0.002)
and between P3 and Log(S) (rs = -0.592, p = 0.001). In this study, we expected a strong correlation between
P3 and P4 contrasts, as in the eyes of the CD group the main source of intraocular scattering should come
from the cornea. Thus, these results confirm that P3 is importantly affected by corneal scattering.
The correlation between P3 and P4 contrasts obtained with healthy eyes was of r = 0.375 while for cataracts
it was of r = 0.617. However, from our initial hypothesis we expected higher correlation between P3 and
P4 contrasts when analyzing eyes with CD than for eyes with cataracts. The different sample size can
probably have an impact on the computed correlation coefficients (note that there are only 11 eyes with CD
against 46 with cataracts).
On the other hand, P3 contrast does not correlate significantly with the OSI neither the corneal densitometry
(p > 0.05). Note that these parameters present different dependence on the location of the corneal
opacification. To calculate the OSI, we acquire a DP image, in which the light source is entering in the eye
using a 2-mm entrance pupil and a 4-mm exit pupil. Therefore, opacities located in the central part of the
cornea are expected to have a higher impact on OSI than those localized at the periphery. Additionally, in
this study the reported corneal densitometry is the highest value found in the cornea from the images taken
with the Pentacam Scheimpflug camera. Thus, localized opacities could have the same impact on the
reported densitometry as homogeneous opacities, or even a higher one. Figure 5.18 shows a Scheimpflug
photography of a cornea with keratitis, where localized areas with clearly higher densitometry can be
observed. Densitometry shows a stronger correlation with OSI (p<0.001) than with P4 (p = 0.17) and
Log(S) (p = 0.042).

Figure 5.18. Scheimpflug photography of a cornea with keratitis in which localized areas with abnormally increased
density can be observed. White areas correspond to high densitometry values.

P4 contrast correlates with all the other parameters (p < 0.05) validating the new method as a useful
technique for assessing corneal and lens scattering in an objective way. This result is in agreement with the
findings from the control group and eyes with cataracts.
On the other hand, even P3 is affected by the corneal scattering, other effects like surface roughness,
backscattered light from cataracts and defocus can have an impact on the computed contrast.
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As commented above, this study has some limitations because of the sample size. Accordingly, we decided
to carry out another study with healthy eyes wearing scatter-customized CLs in order to be able to draw
more robust conclusions when dealing with eyes with corneal scattering.

5.3
5.3.1

Assessment of contact lens – induced corneal scattering
Scatter-customized contact lenses

In order to validate the performance of the Purkinje system when used to assess corneal scattering, an
additional study was conducted with eyes wearing scatter-customized CLs with different grades of
diffusion.
Specifically, customized versions (different levels of scattering) of the commercial Cataract CL (9mm
SFX, Tucson, USA) were used (Figure 5.19). The manufacturer company tagged the CLs as having 5%,
15% and 50% or higher values of scattering.
We measured the naked eyes of the volunteers as well as wearing CLs with the following degrees of
scattering: low (L), medium (M), high (H) and very high (VH); L corresponds to the 5% CL, M to the 15%
CL, H to 5% plus 15% CLs and VH to 15% plus 15% CLs. We also tried CLs tagged with 50% or more,
but they were too opaque to measure intraocular scattering with the devices used in the study.
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Figure 5.19. Eye wearing the commercial Cataract CL (Image from the vendor website) (top left). Scatter-customized
CLs (top right). Images with the same camera without CL (bottom-left) and with a 50% CL attached to the objective
lens (bottom right).

5.3.2

Measurements

We measured 4 eyes from 4 healthy young volunteers (age: 23.75 ± 3.40 years, range [21, 28]) with a
corrected distance visual acuity (CDVA) of at least 20/20 (2 female and 2 male) recruited from the staff of
the CD6 and the CUV.
Similarly to the former studies, we measured each eye for each corneal scattering condition with the
commercial straylight meter C-Quant and the DP system HD Analyzer. These results were compared with
the scattering measured by means of the Purkinje images contrasts (P3 and P4) given by our clinical
prototype. Additionally, we also measured the corneal densitometry by means of the Pentacam Scheimpflug
camera, but all images of eyes with CLs had a densitometry of 100 (saturated value). The measurements
were consecutive for each subject, starting with the naked eye and followed by CL measurements, from
low to high degree of scattering.
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5.3.3

Results

As a representative example, Figure 5.20 shows the Purkinje images of a patient wearing the CLs with
different scattering grades, together with the intensity profiles of P3 and P4.
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N

L

M

H

VH

P3

0.57

0.48

0.28

0.28

0.17

P4

0.69

0.61

0.55

0.53

0.50

Log(S)

0.79

1.49

1.95

1.98

2.22

OSI

0.5

0.73

0.7

0.63

1.13

Figure 5.20. (Left) Purkinje images of an eye wearing CLs with several degrees of scattering of a subject aged 25
years old. From top to bottom: low (L), medium (M), high (H) and very high (VH). N refers to the naked eye. (Right)
Corresponding P3 and P4 intensity profiles. The specific values of the P3 and P4 contrasts of the Purkinje images, OSI
and Log(S) are also given.
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For one specific volunteer, it was not possible to compute the contrast of the P3 image in the VH condition
(Figure 5.21). It corresponded to a case in which the patient was wearing two CLs simultaneously and, as
it is evident from the images, there was a bad adaptation; probably, this gave rise to an inhomogeneous tear
film between them. Fortunately, this did not happen for the rest of subjects.

Figure 5.21. (Left) Purkinje images of an eye wearing CLs with very high (VH) scattering. (Right) Corresponding P3
and P4 intensity profiles. The P3 contrast could not be computed while the P4 was of 0.42.

The assessment of scattering for all variables and conditions are shown in Table 5.15. P3 and P4 contrasts
were normally distributed (p > 0.05) while OSI (p < 0.001) and Log(S) (p = 0.008) were not. The results
corresponding to different grades of scattering using boxplots are shown in Figure 5.22. It can be seen that
scattering due to CLs affected all variables analyzed. P3 and P4 contrasts decreased as the scattering
increased while the straylight in terms of Log(S) increased. In the same way, higher OSI values were found
for higher scattering conditions although there was more variability for the conditions of corneal scattering
labeled as H (SD = 1.17) and VH (SD = 1.36) in comparison with others with less diffusion, i. e., naked
eyes (SD = 0.16), L (SD = 0.38) and M (SD = 0.29). Note that H and VH corneal scattering conditions
correspond to eyes wearing two CL simultaneously. Differences in adaptation between patients,
misalignments and heterogeneous tear distribution between CLs etc. can probably introduce important
aberrations that can affect the central part of the PSF and thus, the OSI value. As we have seen in figure
5.21 for one of the volunteers, the P3 image could not be properly focused when wearing two CL at the
same time. The OSI of this volunteer for high scattering (H) was of 3.03 and for very high scattering (VH)
of 3.17, while the mean of volunteers was of 1.42 and 1.22, respectively.
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The t-test (Mann-Whitney for the non-normal distributed data) revealed that there were statistically
significant differences between naked eyes and eyes with scatter-customized CLs in terms of P3 contrast
(p = 0.014), P4 contrast (p = 0.027), and Log(S) (p = 0.001), but not in terms of OSI (p > 0.05).
Moreover, the analysis of variance (or equivalently Kruskal Wallis test) confirmed that the contrasts of the
third and fourth Purkinje images were significantly different among groups with different grades of
scattering: P3 contrast (p = 0.002) and P4 contrast (p = 0.006). Similarly, in terms of Log(S) statistically
significant differences were reported among the different CLs groups and naked eyes (p = 0.004). However,
no statistically significant differences were reported among groups in terms of OSI (p > 0.05).

Table 5.15. Mean (± SD) and range [minimum and maximum values] for each corneal scattering condition. The
median and interquartile range (IQR) are additionally given for non-normal distributed data.

P3

P4

OSI
(Median (IQR))

Log(S)
(Median (IQR))

Naked

0.53±0.04 [0.49 , 0.57]

0.69±0.03 [0.66 , 0.73]

0.43±0.16 [0.20 , 0.53]
0.50 (0.25)

0.82±0.10 [0.71 , 0.96]
0.89 (0.19)

Low

0.49±0.05 [0.43 , 0.54]

0.67±0.05 [0.61, 0.71]

0.62±0.38 [0.25 , 1.10]
0.57 (0.72)

1.27±0.21 [1.02 , 1.49]
1.28 (0.41)

Medium

0.40±0.09 [0.28 , 0.49]

0.59±0.05 [0.55 , 0.65]

0.64±0.29 [0.35 , 0.90]
0.65 (0.44)

1.98±0.04 [1.94 , 2.02]
1.98 (0.07)

High

0.35±0.07 [0.28 , 0.42]

0.59±0.09 [0.51 , 0.67]

1.42±1.17 [0.50 , 3.03]
1.07 (2.12)

1.99±0.13 [1.81 , 2.11]
2.03 (0.25)

Very High

0.27±0.11 [0.05 , 0.39]

0.54±0.05 [0.41 , 0.60]

1.22±1.36 [0.20 , 3.20]
0.77 (2.41)

2.10±0.17 [1.86 , 2.22]
2.16 (0.30)
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Figure 5.22. Boxplots for each variable for different groups of corneal scattering. Five statistical descriptors are shown
in these plots: maximum, third quartile, median, first quartile and minimum.

Bivariate correlations and the linear regression between pairs of variables are shown in Figure 5.23.
Correlation coefficients and corresponding significance levels are summarized in Table 5.16. Results
indicate that there were significant correlations between all pairs of variables except OSI and P3 contrast.
The highest ones were found between P3 and P4 contrasts (r = 0.828, p < 0.001) meaning that they carry
the same information of scattering, which was already expected; and also, P3 contrast and Log(S) (r = 0.830, p < 0.001) and P4 contrast and Log(S) (r = -0.810, p < 0.001).
The weaker correlation of P3 contrast and OSI (p > 0.05) with respect to that found between P4 contrast
and OSI (p = 0.028) could be explained by the fact that, as commented above, we were unable to compute
the P3 contrast for one of the volunteers with an OSI of 3.17.
The strong correlation between both Purkinje contrasts reinforces the idea that P3 and P4 are carrying the
same information about corneal scattering.
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Figure 5.23. Scatterplots and linear regression (R2) between measured parameters for all groups of CLs as well as
naked eyes.

Table 5.16. Pearson’s† and Spearman’s‡ correlation coefficients and corresponding significance (p-value) between
intraocular scattering variables.

P3

P4

OSI

Log(S)

P3

-

P4

.828* (<.001)†

-

-.340 (.154)‡

-.491* (.028) ‡

-

-.830*(<.001)‡

-.810*(<.001)‡

.511* (.021) ‡

OSI
Log(S)

-

*Statistically significant correlations.
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In any case, the agreement between the commercial straylight meter results - Log(S) - and our experimental
Purkinje setup demonstrates the ability of our novel method to assess the corneal scattering in patients with
different controlled levels of corneal scattering in terms of both P3 and P4 contrasts.

5.4

5.4.1

Compensation of the P3 contrast in eyes with ghost images

Preliminary considerations and proposed compensation

Our results make evident that the P3 contrast is affected to some extent by cataracts. This means that it
carries information about the lens scattering and not only from scattered light in the cornea and the aqueous
humor, as initially assumed. The formation of a cataract implies a change in the refractive index inside the
lens, which in some cases could cause backscattering and additional internal reflections, i. e., additional
Purkinje images, causing a ghost image to appear.
In this section, we present a new methodology to compensate for the Ghost Purkinje Image (GPI) based on
the computation of a new P3 contrast (P3’) in which the influence of the GPI is subtracted so that P3’
becomes independent of the cataract. To do so, we firstly selected those patients whose eyes showed the
GPI when measured with the Purkinje system, i. e., those with cataracts. Then, we measured the highest
pixel value corresponding to the GPI (Figure 5.24). As we formerly discussed, in most of the cases the GPI
is close to P3.

Figure 5.24. (Left) Eye with the GPI next to P3. (Right) Intensity profile of the GPI corresponding to the red dashed
line. The maximum intensity of this profile is used to compute the P3’ contrast.
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Figure 5.25 depicts a scatterplot of the raw P3 contrast as a function of the maximum intensity of the GPI
(GPI Imax) as well as the corresponding linear fitting. As it is shown, a significant linear correlation between
the two parameters was found (r = 0.683, p < 0.001), indicating that the P3 contrast is actually influenced
by the GPI light distribution.
0,8
0,7
0,6

y = -0,0003x + 0,5436
R² = 0,467

P3

0,5
0,4
0,3
0,2
0,1
0
0

200

400

600

800

1000

1200

GPI Imax [a.u.]

Figure 5.25. Scatterplot and corresponding linear regression (R2) for the P3 contrast as a function of the maximum
pixel value inside the GPI.

Using the linear fitting P3 = a·(GPI Imax) + b, we computed the new P3’ contrast from the raw P3 contrast
in order to remove the GPI contribution, i. e., the cataract contribution, as follows:
𝑃𝑃3′ = 𝑃𝑃3 − 𝑎𝑎 · (𝐺𝐺𝐺𝐺𝐺𝐺 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 )

Equation 5.1

where P3’ is the compensated contrast, P3 is the raw contrast, a is the slope found in the linear regression
and GPI Imax is the maximum intensity found in the GPI light distribution.

5.4.2

Results

Figure 5.26 depicts a scatterplot of the P3’ contrast values for the eyes belonging to the control and cataract
groups used in section 5.2.
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Figure 5.26. Scatterplot and corresponding linear regression (R2) for the P3‘ contrast of all eyes (#eye) corresponding
to the control and cataract groups. In blue eyes with cataracts, in orange control eyes.

After applying the proposed compensation, the SD of the P3 contrast for the cataracteous eyes was notably
reduced: SDP3 = 0.13 vs. SDP3’ = 0.07, which is nearly the 50%, indicating that all eyes (independently of
the lens transparency) have a similar value. Moreover, there were no relevant differences between P3’
contrast values of control eyes and of eyes with cataracts.
A t-test confirmed that there were statistically significant differences between eyes of the control and
cataract groups in terms of P3 contrast (section 5.2.2). However, there were no significant differences in
terms of P3’ for eyes of the control and cataract groups (p = 0.66), confirming that the cataract effect on
the contrast of the third Purkinje image was removed with the compensation, or at least reduced.
For the sake of completeness, we included eyes of the CD group and wearing scatter-customized CLs to
this analysis, which showed statistical significant differences with respect to the control eyes (section 5.3).
Figure 5.27 depicts scatterplots of P4 contrast as a function of P3’ and the corresponding linear regressions.

146

Clinical study

0,8
0,75
0,7

P4

0,65

control+cataract

0,6

CD

0,55

R² = 0,0122

0,5

R² = 0,2626

0,45
0,4
0

0,2

0,4

0,6

0,8

P3'
0,8
0,75
0,7

control+cataract

P4

0,65

CD+CL

0,6
0,55

R² = 0,0122

0,5

R² = 0,5115

0,45
0,4
0

0,2

0,4

0,6

0,8

P3'

Figure 5.27. Scatterplots and corresponding linear regression (R2) of P4 contrast as a function of P3’. (Top) Eyes with
cataracts in blue, and with CD in orange. (Bottom) Eyes with cataracts in blue, eyes with CD and wearing scattercostumized CLs in orange.

No significant correlations were found between P3’ and P4 contrasts for eyes with cataracts (r = -0.11, p >
0.05). However, there were significant correlations when eyes with CD were considered (r = 0.51, p =
0.005); the correlation was even higher when data from eyes wearing scatter-customized CLs was also
included in the analysis (r = 0.716, p < 0.001).
As we already did in the analysis of the eyes with cataracts, here we show a boxplot of P3’ as a function of
the LOCS III classification (Figure 5.28). In section 5.2.2 we found agreement between cataract grade and
P3 contrast, but here, after applying the compensation of the GPI effect, the P3’ value becomes independent
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of the cataract severity. An ANOVA test confirmed that there were no statistical significant differences
between the LOCS III groups in terms of P3’ (p>0.05). Again, this confirms that P3’ is not influenced by
the lens scattering.

Figure 5.28. Boxplot showing P3’ as a function of the LOCS III classification (NO1, NO2, and NO3) and the control
group (0). Five statistical descriptors are shown in these plots: maximum, third quartile, median, first quartile and
minimum as well as the outliers.

Figure 5.29 shows the boxplots of P3, P3’ and P4 contrasts for eyes of the control group, with cataracts and
CD, and wearing customized CLs (CL). As it can be seen, P3 contrast was higher in eyes of the control
group than in the others making evident that cataracts influence P3. A t-test confirmed that there were
significant statistical differences between the control and cataract groups (p < 0.001) and between the
control and CL groups (p = 0.005), but there were no differences between the cataract and CL groups
(p>0.05), and between cataracts and CDs (p > 0.05). Nevertheless, P3’ showed similar values for those eyes
with healthy corneas (control and cataract groups) (p > 0.05) while smaller values were obtained for eyes
with CD and induced corneal scattering (CL), where we found statistical significant differences (p < 0.001).
Finally, P4 contrast showed differences between healthy eyes and eyes with scattering (cornea or lens) (p
< 0.001), but not between cataract and CL groups (p > 0.05).
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Figure 5.29. Boxplots showing P3, P3’ and P4 contrasts for eyes of the control group as well as with cataract, CD or
wearing customized CLs. Five statistical descriptors are shown in these plots: maximum, third quartile, median, first
quartile and minimum as well as the outliers.
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6 Conclusions

In this thesis, the main goal of developing a novel experimental system based on the acquisition of Purkinje
images to quantify the intraocular scattering associated with the cornea and the lens individually was
achieved. Specifically, the use the third (P3) and fourth (P4) Purkinje images formed by reflection of light
on the first and second surfaces of the lens was proposed to do so. The hypothesis that P3 is mainly affected
by the light scattered in the cornea (and also the anterior chamber) while P4 is additionally affected by the
scattering produced inside the lens was demonstrated, although some corrections were finally needed in
some eyes with cataracts.
The specific achievements of this thesis as well as the most relevant conclusions obtained are outlined in
more detail below.

1. Purkinje system and novel method for the assessment of scattering:

a. We designed a system to acquire the third (P3) and fourth (P4) Purkinje images. For this
purpose, an optimal stimulus was designed with a vertical pattern composed of two slits
and a central dark fringe between them, in which only scattered light is expected to be.
Different geometrical configurations to avoid overlapping among images were considered.

b. In order to validate our initial hypothesis - i. e., that P3 is mainly affected by the light
scattered in the cornea while P4 is additionally affected by the scattering produced inside
the lens - we performed some preliminary simulations. They allowed us to analyze the
effect of scattering on the light intensity distribution of the Purkinje images validating the
hypothesis of the work at a theoretical level.

c. An experimental system to work at the laboratory level was developed. It included a xenon
lamp, an opaque plate with two slits, diffusors attached to the anterior and posterior
surfaces of the opaque plate, a long-pass filter to work in the near infrared (NIR) avoiding
therefore pupil’s contraction, and a camera attached to a telecentric lens to acquire all
images at the same time. A chinrest was also used to minimize the patients’ movements
during measurements while simultaneously improving comfort.

d. A novel method was proposed for the assessment of the scattering related with the cornea
(and the anterior chamber) and the lens based on the computation of the contrasts of the P3

151

Conclusions
and P4 images. Two contrasts were computed with the Michaelson formula for each
Purkinje image from the intensity profile of the stimulus, and the averaged one was finally
used as the scattered light outcome.

e. We also developed a clinical prototype to work in a clinical environment. A low intensity
blue light-emitting diode (LED) was added as a fixation target and an additional long-pass
filter was included to avoid this light reaching the camera. We also added a stepper motor
to control for the distance between the system and the patient’s eye to acquire the images
at the best focus position. The system was enclosed inside a black box and mounted on a
breadboard, which allowed the system to be moved as a whole.

f.

In order to proceed with the Ethical Committee approval and to launch the system in
hospitals, irradiance and radiance measurements were done according to the standard ISO
15004-2:2007 “Ophthalmic instruments -- Fundamental requirements and test methods -Part 2: Light hazard protection”, to ensure that the system provided light emissions under
the limits established by this regulation and to guarantee that patients could not be
accidentally damaged under any circumstance.

2. Validation of the system at the laboratory level (proof of concept):

a. In-vitro validation:
• We firstly validated the novel technique to assess scattering related with the cornea and
the lens by means of two artificial eyes. We induced different controlled levels of
corneal and lens scattering by using several commercial diffusion filters. To simulate
corneal opacifications, filters were placed in front of the artificial eye. To simulate lens
scattering, filters with optical characteristics that resembled early and mature cataracts
were placed in between two plano-convex lenses acting as the artificial lens.
• Experimental results revealed that P3 and P4 contrasts decrease as the corneal scattering
increases, while the P4 contrast decreases as the lens scattering increases while the P3
contrast remains constant. Therefore, the Purkinje system was shown to be a useful tool
to separate the contribution of the cornea and the lens to the total scattered light.
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b. In-vivo validation:
• The Purkinje system was also used to assess corneal and lens scattering of a small group
of volunteers (13) as a means of validating its usefulness before going to a clinical
environment. Nine healthy eyes, 3 eyes with cataracts and 1 with a corneal opacity were
included in the analysis.
• The eye with corneal opacification had lower P3 and P4 contrasts than healthy eyes.
However, eyes with cataracts were also linked to lower P3 and P4 contrast values,
although P3 contrast was expected to remain constant in this case. These results
suggested that the in-vivo P3 contrast is not only affected by corneal scattering as
assumed initially.
• Since a dependency of P3 contrast on age was observed (P3 contrast values decreased
notably with age while P4 contrast remained more constant), we hypothesized that the
roughness of the anterior lens surface (orange peel effect), which is age dependent,
could play a role in the measured P3 contrast.

3. Clinical Study:

a. A clinical study was conducted at the University Vision Center - CUV (Terrassa, Spain)
and Hospital CIMA Sanitas (Barcelona, Spain) to validate the proposed technique. The
study included the analysis of 46 eyes with nuclear cataracts graded from NO1 to NO3
(Nuclear Opalescence) at the LOCSIII classification system, and 11 eyes with corneal
disorders (CD) such as keratitis, cornea Verticillata, Fuchs dystrophy and complications
from laser refractive surgery (Femto-LASIK). Twenty-five and 17 eyes of healthy subjects
were used as control groups in the study of patients with cataracts and with CD,
respectively.

b. The outcomes in terms of P3 and P4 contrasts given by our novel system were compared
with the intraocular scattering measured in terms of densitometry obtained with the
Pentacam Scheimpflug camera, the OSI (Objective Scatter Index) from the HD Analyzer,
and the Log(S) from the C-Quant straylight meter.
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c. In the analysis of cataracts, all scattering parameters were in agreement with the LOCS III
grade (NO). There were statistically significant differences between eyes of the control and
cataract groups in terms of any of the parameters analyzed. Both Purkinje contrasts (P3
and P4) as well as OSI, Log(S) and densitometry significantly correlated between each
other (p < 0.05). However, all correlations in terms of P3 contrast were weaker than in
terms of P4 contrast.

d. There were significant correlations between all parameters and age. Although we did not
find a significant correlation between P3 contrast and age in healthy eyes, a correlation
between age and P3 contrast was found when considering also eyes with cataracts. This
result indicated that, unexpectedly, cataracts influence to some extent the P3 contrast. From
a qualitative point of view, the detailed analysis of our Purkinje images in eyes with
cataracts revealed that in some cases a ghost image – which seems to be related with the
hyperreflective lens areas with different refractive indexes - appears between P3 and P4
(in most of the cases it overlaps with P3) affecting thus the P3 contrast computation.
Therefore, the ghost image could explain the fact that cataracts affect the P3 contrast,
although it was expected to be independent of the lens scattering.

e. In the analysis of eyes with CD, no statistically significant correlations could be established
between scattering and age as these are not age-related pathologies. Statistically significant
differences in terms of all variables analyzed were observed between healthy eyes and eyes
with CD. P4 correlated with all the other scattering parameters (p < 0.05) validating the
new method as a useful technique for assessing corneal and lens scattering in an objective
way. Although P3 and P4 contrasts showed a strong correlation between them, as expected,
no significant correlations could be established between some of the other parameters
probably due to differences behind the technologies employed (e. g. measured area), and
the smaller sample size.

f.

To overcome the former limitations, an additional study with 4 healthy eyes wearing
scatter-customized CLs was carried out with the following degrees of scattering: low,
medium, high and very high, to simulate different levels of corneal opacification. The
contrasts of the third and fourth Purkinje images were significantly different among groups.
Results showed agreement between both Purkinje contrasts and the Log(S) although not in
terms of OSI, probably due to the fact that double-pass measurements were influenced by
the tear film degradation due to the contact lenses. This demonstrated the ability of our
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novel method to assess the corneal scattering in patients with different controlled levels of
corneal scattering in terms of P3 and P4 contrasts.

4. Compensation of the P3 contrast in eyes with ghost images:

a. A new methodology was proposed based on the maximum intensity of the Ghost Purkinje
Image to remove the effect of some cataracts on the contrast of the third Purkinje Image.

b. After applying the linear compensation, a new contrast was calculated (P3’), which is
shown to provide information about the corneal scattering independently of the lens
scattering, while P4 has information about the lens and corneal scattering altogether.
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7 Future Work

In this chapter, some lines of research are suggested for future work related with this thesis:

1. More sophisticated strategies to remove the effect of cataracts (backscattered light and internal
reflections) from the P3 contrast should be explored:

a. Through the complementary assessment of the roughness of the anterior surface of the lens
by means of techniques such as Optical Coherence Tomography (OCT).

b. Carrying out a deeper study on the so-called hyperreflective areas and discontinuity zones
of the human lens and their relationship with the Ghost Purkinje Images (GPI) found in
eyes with cataracts.

c. Developing more complex algorithms to remove the effect of the GPI on the P3 contrast
considering not only the maximum intensity but information about the distance between
the GPI and P3, etc.

2. A clinical study including more mature cataracts should be conducted to validate the novel
technique as well as the proposed P3 contrast compensation (to remove the influence of the GPI)
in a wider sample. In the study conducted in this thesis, only eyes with NO1-NO3 in the LOCSIII
classification system were included.

3. Implementation of algorithms to widen the dynamic range of the system by means of the adaptation
of the exposure time of the camera or the light source intensity in order to be able to quasisimultaneously analyze the first Purkinje image, P1(+P2), besides P3 and P4. Tear film quality or
defects on the corneal surface may play a role in the computed contrasts and thus, scattering, and
this could be taken into account.

4. The developed Purkinje prototype could be improved by means of new technologies available. For
instance, the stimulus could be generated with a micro projector or a display instead of using a
static stimulus with a specific separation between fringes. This would be useful to test the effect of
using different spatial frequencies on the computed contrast.

157

Future Work
5. A revision towards a pre-industrial prototype should be carried out to obtain a fully-functional
commercial device for a clinical environment. Some aspects that could be revised are the following:

a. Development of fast algorithms to automate the acquisition process as well as the image
processing and analysis.

b. Studying if a low-cost camera is enough to assess the Purkinje image contrast fluctuations
due to scattering.

c. Looking for alternative light sources with enough emission but with a lower cost such as
LEDs.

6. The Purkinje system could be coupled to a double-pass system for the assessment of scattering,
providing complementary information of the corneal and lens scattered light. This study can
provide a better insight into the impact of the retinal scattering or the higher order aberrations on
double-pass measurements, which might be useful for the scientific community.
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