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Abstract

Alzheimer’s disease (AD), a fatal neurodegenerative disorder, is the most common form
of senile dementia. Five hundred thousand Canadians are living with dementia, a number
predicted to double by 2030. Currently, the most definitive diagnosis of AD must be con-
ducted after death due to the lack of both specific methods for detecting neurodegenerative
disorders, and broadly accessible methods for screening preclinical symptoms. The disease
is now known to manifest in the eye, an optically accessible structure, and so AD can be
diagnosed if amyloid-β deposits are identified in the neural retina. Extensive research by
Campbell labs has determined the intrinsic polarization properties of presumed amyloid-β
deposits, and developed a novel Mueller-Matrix (MM) polarimetric tool that can image
these deposits in ex-vivo retinas. Dr. Campbell’s research group has shown MM polar-
ization imaging to be a promising non-invasive, label-free diagnostic tool that provides
improved image contrast and a higher signal-to-noise ratio (SNR) than conventional reti-
nal imaging systems. Further, Dr. Campbell’s group has found that amyloid-β deposits
correlate well with brain pathology, making this imaging modality a strong candidate for
an AD diagnostic method.

The research group is now working on a prototype live-eye MM imaging device, and
this thesis contributes to this goal. The commercial market for ocular imaging technologies
is highly competitive, and therefore defining design requirements that will place the MM
polarimeter at a competitive position is important. The research presented in this thesis
has taken into account these requirements to design an MM scanning laser polarimeter by
integrating polarization optics with a donated scanning laser opthalmoscope (SLO). The
polarization optics were selected based on the need for fast, repeatable and accurate po-
larization modulation, and to ensure a compact cost-effective product. The optimal setup
of the polarization unit was identified and designed as a custom made linear holder with
four quarter-waveplates placed at different orientations. This method eliminated rotation
related errors, increasing the accuracy and repeatability of the polarization modulation
unit.

Ocular performance and retinal imaging quality decrease during normal aging, which
has important implications in the design of retina imaging instruments for the aging pop-
ulation. Furthermore, since optical resolution due to diffraction becomes better with in-
creasing pupil size, whereas that due to aberrations becomes worse, the optimal pupil size
for best lateral resolution as a function of age had to be determined. Eye models incorpo-
rating monochromatic aberrations of individual eyes were designed in Code V to determine
optimal imaging parameters for retinal instruments targeting the older population. The
optimal pupil size for best lateral resolution obtained from the encircled energy metric, in
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adults 58-70, was found to be 2.73 mm ± 0.402 mm, providing a lateral resolution of 4.48
µm ± 0.654 µm (λ = 550 nm). The optimal pupil size for best lateral resolution, in adults
20-32, was found to be 3.09 mm ± 0.488 mm, providing a lateral resolution of 3.95 µm
± 0.6 µm (λ = 550 nm). The optimal pupil size was found to be statistical significant
with age. Further, regression analysis indicated that optimal pupil size as a function of
higher order wavefront error gave an exponential fit (R2 = 0.75). These findings when
implemented can enable high resolution retinal imaging without the use of adaptive optics.
In addition, the optimal pupil size for best lateral resolution for an 830 nm imaging wave-
length, in adults 58-70, was found to be 3.13 mm ± 0.486 mm, providing a lateral resolution
of 5.9 µm ± 0.848 µm. It was also determined that in the presence of high aberrations at
large pupil sizes, higher wavelengths do not introduce additional aberrations than in lower
wavelengths.

In-vivo imaging of the human retina is a unique optical process because the retina is
not directly accessible, so imaging must be done by detecting the double-pass reflection.
Modalities for imaging the human retina using this approach have existed for many years
and are constantly improving. Two specific optical setups, optimized for imaging amyloid-
β deposits in older adults, are designed and presented in this thesis. The retinal image
quality of the MM polarimeter using an SLO setup with a small entrance pupil was almost
solely affected by the aberrations and diffraction of light leaving the eye in the second-pass,
making it a single-pass method. In addition, the MM polarimeter with a conventional SLO
setup with a large exit beam, which uses an optimal entrance pupil size and the whole exit
pupil, was also found to be a single-pass modality. Thus, in this second configuration,
image quality depends only on the first-pass. Optimal pupil and pinhole sizes for 830 nm
light were implemented in the optical design of both setups for the development of a system
designed to image retinal amyloid-β deposits in older adults as a diagnostic tool for AD.

In summary, an MM confocal scanning opthalmoscope was designed and optimized for
imaging the retinal amyloid-β deposits in older adults.
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using a MO modulator by General Photonics. . . . . . . . . . . . . . . . . 33

3.11 Linear holder with four QWPLs used for polarization modulation in the
PSG and PSA. Each QWPL position is colour-coded indicating the four
orientations of the QWPLs. The linear holder is connected to a linear ac-
tuator which moves the linear holder in and out of the beam path. The
placeholder for each QWPL is a threaded continuous rotation mount by
Thorlabs (CRM05) that can be integrated into the linear holder design for
accuracy. Designed in AutoCAD Inventor . . . . . . . . . . . . . . . . . . 35

3.12 Point spread function (PSF) at each scan position and the superposition of
these PSFs with time, which results in uniform illumination as indicated by
the dashed line. Simulation in Matlab. . . . . . . . . . . . . . . . . . . . . 37

3.13 Modulation transfer function on the retina obtained from the return beam
path leaving the eye . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.14 Polarization states on the retinal generated by the four PSG orientations: a.
−45◦, b.0◦, c.30◦, d.60◦; using an eye model that does not alter the polarized
light states. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

xiii



4.1 Gullstrand–Emsley relaxed schematic eye by Bennet and Rabbetts [146].
Drawn in Inkscape. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2 Zernike Polynomial phase plate eye model with the PSF resulting on the
retina (on the right) from the given phase plate (on the left). The phase
plate is an interferogram of the distorted wavefront in the pupil plane. The
PSF on the retina was obtained in Code V. Drawn in Inkscape. . . . . . . 55

4.3 Axial resolution calculation summarized in four steps. Five through-focus
PSFs are illustrated in the bottom of the Figure. The PSFs illustrated were
obtained for a single subject at 4mm entrance pupil size. Defocus values are
indicated below of the PSFs. Axial resolution is determined by the FWHM
of integrated intensity as a function of defocus. Adapted with permission
from [62] © The Optical Society. . . . . . . . . . . . . . . . . . . . . . . . 61

4.4 Illustration of Code V’s API: Communication between client and server
application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.5 Flowchart describing the generation of .Int files containing the subject spe-
cific Zernike coefficients to be attached to the pupil of individual Zernike-
polynomial phase plate eye models. Drawn by Hannah Rosenberg; see State-
ment of Contributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.6 Flowchart describing the optimal pupil size determination for each Zernike-
polynomial phase plate eye model. Drawn by Hannah Rosenberg; see State-
ment of Contributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.7 Flowchart describing the optimal pinhole size determination for each Zernike-
polynomial phase plate eye model. Drawn by Hannah Rosenberg; see State-
ment of Contributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.8 [Left](Points) Average HO RMS wavefront error as function of age group.
The standard deviation is plotted with the average values as a function of
age for a 5.0 mm pupil. (Curve) 2nd order regression line fitted to all the
data (R2= 0.055; p<0.01; Spearman’s correlation coefficient, Rs=0.19; n
=1219). [Right] 3rd, 4th RMS and primary spherical wavefront error as
a function of age for a 5.0 mm pupil. (n=1219; 3rd: R2=0.025; p<0.05;
4th: R2=0.073; p<0.01; Z4

0 coefficient: R2=0.054; p<0.05). The subject
numbers for the 4 age groups, 20-32, 33-45, 46-57 and 58-70 are 588, 416,
172 and 43 respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

xiv



4.9 Average lateral resolution obtained from encircled energy as a function of
entrance pupil. Solid curves indicate the average resolution for each pupil
size. [Left] Shaded area is the standard deviation. [Right] Shaded area is the
standard error (SE). The subject numbers for the four age groups, 20-32,
33-45, 46-57 and 58-70 are 588, 416, 172 and 43, respectively. . . . . . . . . 70

4.10 Average area under the Hopkins ratio as a function of entrance pupil. Solid
curves indicate the average values for each pupil size. The AHR in the
diffraction limit is equal to cutoff frequency. [Left] Shaded area is the stan-
dard deviation across all participants. [Right] Shaded area is the standard
error (SE). The subject numbers for the four age groups, 20-32, 33-45, 46-57
and 58-70 are 588, 416, 172 and 43, respectively. . . . . . . . . . . . . . . . 71

4.11 Average axial resolution as a function of entrance pupil. Solid curves indicate
the average resolution for each pupil size. [Left] Shaded area is the standard
deviation. [Right] Shaded area is the standard error (SE). The subject
numbers for the four age groups, 20-32, 33-45, 46-57 and 58-70 are 588, 416,
172 and 43, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.12 Average lateral resolution obtained from the cutoff frequency as a function
of entrance pupil. Solid curves indicate the average resolution for each pupil
size. [Left] Shaded area is the standard deviation. [Right] Shaded area is
the standard error (SE).The subject numbers for the four age groups, 20-32,
33-45, 46-57 and 58-70 are 588, 416, 172 and 43, respectively. . . . . . . . . 73

4.13 Exponential regression fit of optimal pupil size as a function of HO wavefront
error and age (n = 1219, p < 0.05) . . . . . . . . . . . . . . . . . . . . . . . 76

4.14 Optimal pupil for best lateral resolution as a function of encircled energy
(EE) (n = 1219, p < 0.001) . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.15 Average resolution and throughput for varying TDLs for subjects 58-70 years
old. [Left] Average lateral resolution for participants with an optimal pupil
size of 2.75 mm as a function of pinhole size. [Right] Average axial resolution
for participants with an optimal pupil size of 3.25 mm as a function of pinhole
size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.1 Average lateral resolution based on encircled energy as a function of pupil
size in older adults, 58-70 years (n=43). Solid curves indicate the average
resolution for each pupil size. Shaded area is the standard deviation. Blue
and red curves correspond to 550 nm and 830 nm imaging wavelengths,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

xv



5.2 PSF on the retina from the first-pass in a small entrance pupil cSLO. Gen-
erated in Matlab. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.3 Intensity response for a single scan position. The input PSF of a small
entrance beam (approximated by a Guassian) is multiplied by the output
PSF of an optimally sized beam, also approximated by a Gaussian. The
dotted curves represent the region of the outgoing PSF, not well modelled by
the Gaussian. The product of the two PSF’s approximates the double pass
PSF as it leaves the eye, which is very similar to the single pass PSF through
the optimal pupil. This is because the ingoing PSF has almost constant
intensity over its central region. The dotted regions would be attenuated
slightly more than the central region. The simulated PSFs presented were
generated in Matlab. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.4 Schematic of the optimized MM confocal scanning polarimeter using a small
entrance pupil cSLO setup. Input illumination beam path (dark blue), pin-
hole detection beam path (red), and fixation target beam path (light blue)
are illustrated for the central scan position at zero scan angle. Optical com-
ponents: L-Lens; BS-Beam splitter; HM-Hot mirror; SM-scanning mirror;
Ph-Pinhole; P-Polarizer; λ/4-Quarter waveplate unit; VA-Variable aperture 93

5.5 Improved net image quality with the smaller pinhole detector. Simulation
of the second-pass by convolving the second-pass PSF and a narrower detec-
tor. The second-pass PSF due to a large exit pupil is simulated with a broad
Gaussian function. The pinhole detector is simulated as a rectangular func-
tion. Both the Gaussian and rectangular functions were normalized. [Left]
Simulation of the second-pass using a larger detector [Right] Simulation of
the second-pass using a smaller detector. The smaller pinhole detector gives
improved image quality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.6 Simulation of the double-pass PSF as described in Equation 5.17. Convolu-
tion of the second-pass PSF and the pinhole detector, for two detector sizes
presented in Figure 5.5, is used in this simulation. The first-pass PSF was
modeled as a Gaussian for an optimal pupil size. [Left] Simulation of the
double-pass PSF with a larger detector [Right] Simulation of the double-
pass PSF with a smaller detector. The simulated results presented were
generated in Matlab. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

xvi



5.7 Schematic of the optimized MM confocal scanning polarimeter using a cSLO
setup. Input illumination beam path (dark blue), pinhole detection beam
path (red), and fixation target beam path (light blue) are illustrated for
the central scan position at zero scan angle. Optical components: L-Lens;
BS-Beam splitter; HM-Hot mirror; SM-scanning mirror; Ph-Pinhole; P-
Polarizer; λ/4-Quarter waveplate unit; VA-Variable aperture . . . . . . . . 98

5.8 Modulation transfer function on the retina determined by the modified MM
polarimeter SLO using either a small entrance pupil with optimal exit pupil
or an optimal entrance pupil and a large exit pupil design with optimal
confocal pinholes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.9 Modulation transfer function on the retina for the original (blue) and modi-
fied (red) setup for a single older subject with average monochromatic aber-
ration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.1 Permission from Dr. Salmon to used the Zernike polynomial coefficients,
which were provided by his lab, for the human eye models presented in
Chapter 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.2 Permission to reprint Figures 2.1 p.6, and 2.2 p.10. . . . . . . . . . . . . . 107

6.3 Permission to reprint/adapt Figures 3.4 p.25, 3.5 p.26, 3.7 p.29, 3.9 p.32,
and 4.3 p.63. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.4 Permission to reprint/adapt Figure 4.1 p.50. . . . . . . . . . . . . . . . . . 109

A.1 Average resolution and throughput for varying TDLs for subjects 20-32 years
old. [Left] Average best lateral resolution for those with an optimal entrance
pupil size of 3.0 mm. [Right] Average best axial resolution for those with
an optimal entrance pupil size of 3.75 mm. . . . . . . . . . . . . . . . . . . 129

B.1 Optical design in Code V [Left] Input illumination channel in the MM po-
larimeter using a large exit pupil cSLO design. [Right] Detection channel in
the MM polarimeter using a small entrance pupil cSLO design. Polarization
optics, PSG and PSA, are illustrated with red. Dimensions were modified
for better visualization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

xvii



List of Tables

4.1 Optimal pupil sizes (OPS) for best lateral resolution (LR). Root-mean-
square (RMS) wavefront error at a 5 mm pupil for each age group is pre-
sented. The subject numbers for the four age groups, 20-32, 33-45, 46-57
and 58-70 are 588, 416, 172 and 43, respectively. . . . . . . . . . . . . . . . 74

4.2 Optimal pupil sizes (OPS) for best axial resolution (AR) and area under
the Hopkins ratio (AHR) averaged across subjects in each age group. The
subject numbers for the four age groups, 20-32, 33-45, 46-57 and 58-70 are
588, 416, 172 and 43, respectively. . . . . . . . . . . . . . . . . . . . . . . . 75

xviii



List of Abbreviations

AD Alzheimer’s Disease
MM Mueller-matrix
SLO Scanning laser opthalmoscope
cSLO Confocal scanning laser opthalmoscope
AO Adaptive optics
RNFL Retinal Nerve Fiber Layer
ONH Optic nerve head
SNR Signal-to-noise ratio
PSF Point spread function
MTF Modulation transfer function
OTF Optical transfer function
EE Encircled energy
FWHM Full width at half maximum
SR Strehl ratio
NA Numerical aperture
LP Linear polarizer
QWPL Quarter waveplate
PSG Polarization state generator
PSA Polarization state analyzer
SOP State of polarization
PEM Photo-electic modulator
LOC liquid crystal
MO magneto-optic
FOV Field of view
TDL Times-diffraction-limited
LED Light-emitting diode
TRA Transmission characteristic analysis

xix



Chapter 1

Introduction

Alzheimer’s disease (AD) is a fatal neurodegenerative disorder associated with a va-
riety of cognitive and neuropsychiatric symptoms [84]. AD is the most common form of
senile dementia affecting 60–70% of dementia cases [186]. Worldwide, 50 million people are
living with dementia, with 10 million new cases estimated every year. Five hundred thou-
sand Canadians currently have dementia, and this number is predicted to double by 2030
[3]. Classically, AD is characterized by two cardinal pathologies which involve amyloid-β
plaques and neurofibrillary tangles in the brain [84]. At present, the most definitive di-
agnosis of AD is conducted after death by histological brain examination [46, 84] because
we lack both specific methods for detecting neurodegenerative disorders, and broadly ac-
cessible methods for screening preclinical symptoms. Statistical reports on the disease
demonstrate a large socioeconomic impact which is predicted to become more prevalent
over the years [55, 88]. While there is extensive research into AD pathology and on meth-
ods to delay disease progression, no cure is available. However, therapeutic and preventive
strategies have been discovered that can induce small delays in the onset and progression
of AD [29]. Therefore, an early diagnosis of AD may enable existing treatment methods
to provide more successful results [55, 103, 140]. Traditionally, AD has been considered as
a disease manifested in the brain. However, the manifestation of the disease in the eye,
which is a developmental outgrowth of the brain, led to the discovery of imaging tech-
niques to visualize the deposits in the retina [46, 84]. Intrinsic polarization properties of
amyloid-β deposits were discovered in Campbell labs [45, 46, 58, 97, 145]. Mueller-matrix
(MM) polarization imaging was implemented in Campbell labs and amyloid-β deposits
were imaged in ex-vivo retinas. MM polarization imaging was found to improve visualiza-
tion of amyloid-β by enhancing contrast and signal-to-noise ratio (SNR) without the need
of a staining method [34, 46]. Furthermore, this unique optical inspection method provides
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additional morphological information that can reveal features in a sample that cannot be
resolved using conventional intensity or phase imaging systems [2, 15, 34, 61, 144]. Thus,
MM polarization imaging of presumed amyloid-β deposits is a promising method for AD
diagnosis [46].

Our lab is developing a prototype in-vivo MM polarimeter and this thesis aims to
contribute to this purpose. While MM polarimetry is a novel imaging method, polarization
related errors are a characteristic challenge in this modality [167, 170]. These polarization
related errors can be reduced by optimizing the selection and design of the polarization
modulation units responsible for modulating the state of polarization in the optical setup
[80, 108, 110, 168]. Chapter 3 presents the optical design of the MM confocal scanning laser
polarimeter by integrating polarization optics in a donated scanning laser opthalmoscope
(SLO). In addition, design requirements and specifications were identified in order to place
this diagnostic instrument in the forefront of a highly competitive market of retinal imaging
diagnostic systems. A custom-made, optimal method for polarization modulation was
presented, which provided high polarization modulation accuracy and repeatability, while
eliminating common polarization related errors.

The in-vivo MM scanning laser opthalmoscope uses the ocular optics as a microscope
objective. Therefore, image quality is limited by both the aberrations from ocular optics
and diffraction through the pupil. Identifying optimal pupil sizes that balance the effect
of ocular aberrations and diffraction can allow high resolution imaging without the need
of adaptive optics (AO), resulting in a more affordable diagnostic device.

In addition, ocular optics change as a function of age [4, 11, 11, 13, 82, 137, 152].
This age dependency suggests that optimal pupil sizes vary as a function of age and is
described by anatomic changes in the human eye [78]. Multiple studies on the corneal
wavefront aberrations indicated that coma increases with age due to the increased asym-
metry during aging [4, 82, 137]. Spherical aberration caused by the cornea surface were
found to be invariant with age, indicating that other structures may be responsible for
the age-dependent reduction of image quality in the human eye [4, 11, 137]. Glasser and
Campbell were among the first to identify the substantial increase of spherical aberration
of the crystalline lens [75, 121]. The lens changes with age by increasing surface curva-
tures, and by changing the refractive index [75]. Thickening of the lenticular cortex and
hardening of the lens were also observed in older adults [76]. Further, the total aberrations
from the corneal and crystalline lens in the younger eye enables an improved retinal image
[11, 13, 66, 154]. Many research groups have determined that when studying aberrations
of the cornea and crystalline lens separately there was high coma and spherical aberra-
tion. However, when studying the cornea and crystalline lens as a combined system, an
overall reduction of wavefront aberration was observed in younger eyes [13, 66, 154]. The
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researchers attributed this reduction to the fact that in younger subjects the crystalline
lens aberrations compensate for the corneal aberrations. This property was found to be
lost with increasing age, leading to reduced retinal image quality [11, 13, 66]. Therefore,
the anatomical changes demonstrate the progressive decline of average optical performance
of the human eye with age by increasing wavefront aberrations [81, 82].

The increase of monochromatic ocular wavefront aberrations as a function of age, which
was documented by several research groups, explains the decline of optical performance and
retinal image quality [40, 73, 121, 150]. In Chapter 4, higher order (HO) wavefront aber-
rations of a large population was used to study how different optical performance metrics
change as a function of pupil size and age when taking into account both diffraction and
wavefront aberrations. From this study optimal pupil sizes were determined for maximiz-
ing lateral resolution as a function of age. Since AD is prevalent in older adults, optimizing
the optical setup by selecting optimal pupil and pinhole sizes for this specific population
will be shown to significantly improve image quality, by approaching the diffraction limit
at an optimal pupil that best balances the effect of diffraction and aberrations, providing
high resolution imaging even without AO. Furthermore, results from this chapter could
be used as a benchmark for other optical systems, other than the MM polarimeter and
SLO, that are specialized for specific populations. Lastly, Chapter 5 presents an optimized
design of the MM scanning laser opthalmoscope, which is presented in Chapter 3, by using
the optimization condition identified in Chapter 4 and extended in Chapter 5.

In conclusion, this thesis contributes to the prototype AD diagnostic instrument being
developed by Campbell labs, by proposing a modified optical design that provides improved
image quality and is population specific. The design reduces polarization-related errors,
provides a large field of view, and allows label free imaging that further enhance this
modality by adding to the instrument’s competitiveness in the commercial market.
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Chapter 2

Background

2.1 Polarized light

2.1.1 Wave Representation of polarized light

Polarization is a fundamental property of electromagnetic waves, which stems from
the vectorial nature of light, and polarimetry is the science of measuring polarization
[23, 61, 74, 86]. Light is a transverse electromagnetic wave, where the electric and magnetic
fields oscillate 90 degrees apart, and are perpendicular to the wave propagation direction
[61]. The temporal evolution for the x and y components of the electric field of a quasi-
monochromatic electromagnetic wave can be expressed as [74, 86]:

~Ex(z, t) = Ax(t) cos(ωt− kz + φx)x̂ (2.1)

~Ey(z, t) = Ay(t) cos(ωt− kz + φy)ŷ (2.2)

where Ax, Ay are amplitudes and (φx, φy) are phase factors of the wave in the x and y
directions; k is the wavenumber, k = 2π

λ
; and ω is the angular frequency, ω = 2πf [74]. The

vector sum of these two perpendicular waves describes the cumulative temporal evolution
of an electric field, described in Equation 2.3

~E(z, t) = ~Ex(z, t) + ~Ex(z, t) (2.3)

As the electromagnetic wave travels along the z direction though one wavelength, the
electric field progresses through one complete oscillatory cycle [74, 86]. Thus, the elec-
tric field vector traces an elliptical pattern for each cycle. The polarization state of the
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electromagnetic wave is determined by the relative phase difference, φ = φx − φy between
the x and y components of the electric field and the amplitude of each component, Ax,
Ay [86]. Given that the phase of both x and y components of the electromagnetic wave
are equal, φ = 0, or have a phase difference that is a scalar multiple of π, light is said to
be linearly polarized [74, 86]. When the x and y amplitudes are equal and the relative
phase difference is −π/2 + 2mπ, where m = 0,±1,±2, and so on, the electromagnetic
wave is circularly polarized [74, 86]. When the electric field vector is rotating clockwise the
light is described as right-handed circularly polarized (RHCP), otherwise it is left-handed
circularly polarized (LHCP) [86]. Linear and circular polarization are two special cases
of elliptically polarized light [86]. Elliptical polarization results from a difference of both
amplitude and phase of the x and y electric field components. Elliptically polarized light
can be described as the vector sum of circular waves with different amplitudes or the vector
sum of two linear polarized waves with a different phase [61, 74, 86].

2.1.2 Polarization ellipse and Stokes parameters

The polarization ellipse is a useful concept in optics as it describes the evolution of the
electric field [74]. To derive the polarization ellipse equation, the electric field components
are expressed in Equation 2.4, using τ(t) = ωt− kz as derived in [74, 97].

Ex(t) = Ax(t)cos(τ(t)) (2.4)

Ey(t) = Ay(t)cos(τ(t) + φ) (2.5)

Ax, Ay are amplitudes in the x and y directions; k is the wavenumber, k = 2π
λ

; ω is the
angular frequency, ω = 2πf ; and φ is the phase difference, between the x and y components
of the electric field [74]. Dividing the electric field components with the amplitude, and
using fundamental trigonometric equations the expressions expand to [74, 97]:

Ex(t)

Ax(t)
= cos(τ(t)) (2.6)

Ey(t)

Ay(t)
= cos(τ(t) + φ) = cos(τ(t))cos(φ)− sin(τ(t))sin(φ) (2.7)

Combining the two electric field components the equation becomes:

Ey(t)

Ay(t)
− Ex(t)

Ax(t)
cos(φ) = −sin(τ(t))sin(φ) (2.8)

= −[(1− (
Ex(t)

Ax(t)
)2)1/2]sin(φ) (2.9)
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By squaring and rearranging, the polarization ellipse equation is derived as:(
Ex(t)

Ax(t)

)2

+

(
Ey(t)

Ay(t)

)2

− 2
Ex(t)Ey(t)

AxAy(t)
cosφ(t) = (sinφ(t))2 (2.10)

For monochromatic light in vacuum, the amplitudes Ax(t), Ay(t) and the phase φ(t) stay
constant. Hence, the shape and size of the ellipse is constant throughout its propagation
as illustrated in Figure 2.1 [74, 86, 97].

Figure 2.1: Polarization ellipse described by Equation 2.10 with azimuth ψ(t) and ellip-
ticity χ(t) [74]. Reprinted with permission from Taylor & Francis Group provided by the
Copyright Clearance Center.

In addition, azimuth φ(t) and ellipticity χ(t) are used to describe the orientation and
shape of the ellipse. To derive the azimuth and ellipticity equations, α is first determined,
which is the ratio of the amplitudes, α(t) = arctan(Ay

Ax
) (0 ≤ α ≤ π/2) and is used in

Equation 2.11.

tan2α(t) =
2Ax(t)Ay(t)cosφ(t)

Ax(t)2 − Ay(t)2
(2.11)

Then, the azimuth ψ(t) and ellipticity χ(t) can be computed from Equations 2.12 and 2.13
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[74].

tan2ψ(t) =
2Ax(t)Ay(t)cosφ(t)

Ax(t)2 − Ay(t)2
= tan2α(t)cosφ(t) (2.12)

sin2χ(t) =
2Ax(t)Ay(t)cosφ(t)

Ax(t)2 + Ay(t)2
= sin2α(t)sinφ(t) (2.13)

The description of light in terms of the the polarization ellipse allows to easily describe
polarization states by a single equation. However, the shortcoming of this method is that
it only describes light that is completely polarized, which is an idealization of the true
behavior of light. Therefore, it is suggested that polarized light should be described in
terms of observed or measured quantities such as intensity [20, 23, 61, 86].

An alternative method for visualizing the states of polarization was introduced by Sir
Gabriel Stokes who described polarization in terms of observables [77]. Using this method,
the four measurable quantities, called the Stokes polarization parameters, can completely
describe the state of polarization. These four parameters can be derived by the equation of
the polarization ellipse and by considering average values of the optical field. An equivalent
equation to the polarization ellipse is described as:(

A2
x + A2

y

)2
−
(
A2
x − A2

y

)2
−
(
2AxAycosφ

)2
=
(
2AxAysinφ

)2
(2.14)

Each grouped term of Equation 2.14 represents a Stokes parameter for a plane wave,
which satisfies the relationship of S2

0 − S2
1 − S2

2 − S2
3 = 0 for monochromatic light and

S2
0 ≥ S2

1 + S2
2 + S2

3 for partially polarized light.

S0 = Ax(t)
2 + Ay(t)

2 (2.15)

S1 = Ax(t)
2 − Ay(t)2 (2.16)

S2 = 2Ax(t)Ay(t)cosφ (2.17)

S3 = 2Ax(t)Ay(t)sinφ (2.18)

The Stokes parameters can also be expressed as follows:

S0 = Ix + Iy (2.19)

S1 = Ix − Iy (2.20)

S2 = I+45 − I−45 (2.21)

S3 = IR − IL (2.22)
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Ix, Iy, I+45, I−45, IR, IL are the intensity of linearly polarized light along the x axis, y axis,
+45 degree axis, 45 degree axis, and right and left circularly polarized light, respectively.
The Stokes vectors are commonly arranged in a column vector and written as:

S =


S0

S1

S2

S3

 (2.23)

2.1.3 The Mueller-matrix and Mueller-stokes formalism

The Mueller-Matrix (MM), introduced by Hans Mueller, describes the mapping between
an input Stokes vector Sin to another output Stokes vector, Sout [74, 86, 97]. The interaction
of polarized light and a structure has the ability to change the state of polarization and
therefore varies the Stokes vector. The MM is a powerful tool for describing this interaction.
The polarized light and its interaction with the sample can be represented using two
mathematical methods: the Jones formalism and the Mueller-Stokes formalism. Since
depolarization effects cannot be computed using the Jones formalism, the Mueller-Stokes
formalism is used in this work [77, 97]. The mathematical formalism of the Mueller-Stokes
method using the 4× 4 MM is described as follows:

Sout = MMSin (2.24)


S ′0
S ′1
S ′2
S ′3

 =


m00 m01 m02 m03

m10 m11 m12 m13

m20 m21 m22 m23

m30 m31 m32 m33



S0

S1

S2

S3

 (2.25)

The elements of the MM describe the interaction between polarized light and structures
that have the ability to change the state of polarization. Therefore, by recording the input
Stokes vector, Sin, and output Stokes vector, Sout, one can calculate the MM elements. The
behavior of a sample in changing the state of incoming polarized light can be determined
from the MM elements. Among other polarimetric techniques the MM formalism is the
only one that gives access to the effects of a sample on polarized light [77, 85].

The measurement of a single output Stokes vector cannot infer all the elements of the
MM. A number of unique combinations of input and output states are required to infer
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all sixteen elements of the MM. To determine all polarimetric properties of the sample
at least sixteen linearly independent combinations are required. The implications of this
requirement on the instrumentation is that four unique polarization states need to be
generated using the polarization state generator (PSG) and four unique polarization states
need to be generated using the polarization state analyzer (PSA). Therefore, the measured
intensity using a pair of PSG and PSA, which consist of rotating waveplates, with fast axis
orientation gn and an, respectively, and with the MM of the sample defined as Ms is given
as :

Ign,an = (SA(an))TMsSG(gn) (2.26)

Using a PSG and PSA 16 intensity values are obtained as indicated in Equation 2.27.
Ig1α1 Ig2α1 Ig3α1 Ig4α1
Ig1α2 Ig2α2 Ig3α2 Ig4α2
Ig1α3 Ig2α3 Ig3α3 Ig4α3
Ig1α4 Ig2α4 Ig3α4 Ig4α4

 = I = MAMsMG (2.27)

The 4 states for each of the PSG and PSA are required as indicated below

MG = (SG(g1), SG(g2), SG(g3), SG(g4)) (2.28)

MA =


SA(a1)
SA(a2)
SA(a3)
SA(a4)

 (2.29)

Therefore, the full MM of the sample of interest can be computed as

MMs = (MA)−1I(MG)−1 (2.30)

The MM measurement enables us to quantitatively determine optical properties includ-
ing retardance, diattenuation and depolarization using various decomposition techniques
[115, 170]. Additional polarization properties are discussed by other members of Campbell
labs in [131, 145] and are not described here as they are beyond the scope of this thesis.
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2.1.4 State of polarization and the Poincaré Sphere

The Poincaré sphere, which was introduced by Jules Henri Poincaré, is described as the
spherical surface formed by completely polarized states. Poles represent circular polariza-
tion where the upper-hemisphere represents left handed circular polarization and the lower
hemisphere represents the right handed circular polarization. The equator represents linear
polarizations. [23, 97]. The degree of polarization of partially polarized light is defined

as P =

√
S2
1+S

2
2+S

2
3

S0
. Therefore, the Stokes vector can be represented as follows, where P

represents the degree of polarization of polarized light, ψ(t) and χ(t) is the azimuth and
ellipticity, respectively:

S = S0


1

Pcos2φcosχ
Psin2φcosχ
Psin2χ

M (2.31)

Figure 2.2: The Poincaré Sphere described by Equation 2.14 with azimuth angle φ(t) and
ellipticity angle χ(t). u is the point on the sphere representing the polarization state
and P=1 [74]. Reprinted with permission from Taylor & Francis Group provided by the
Copyright Clearance Center.
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The elements in Equation 2.31 form a vector presented in Equation 2.32 where S is
a point on the Poincaré sphere. The Poincaré sphere is illustrated in figure 2.2 and the
evolution of the vector on the sphere is described by the MM, as introduced in the previous
section.

s = (cos2φcosχ, sin2φcosχ, sin2χ) (2.32)

2.2 Polarization properties of ocular structures

The polarization properties in ocular structures must be clearly understood before
undergoing any investigation of methods for assessing retinal disease by means of po-
larimetric imaging. This need arises because retinal imaging is conducted by detecting
reflected light that has traversed twice though the ocular optics, double passing through
the cornea, lens, aqueous humor and upper layers of the retina. Therefore, light polariza-
tion may be affected when light interacts with the ocular optics during retinal imaging.
Although there is a plethora of published work on the interaction of polarized light with
ocular structures, quantitative findings are not always consistent because of the numer-
ous polarimetric imaging methods that are used, and the complexity of the ocular optics
[20, 34, 105, 114, 170, 171, 176].

The cornea has been modeled as a biaxial crystal, which has a fast principal axis nor-
mal to its surface and a slow axis nasally downward [171], causing birefringent polarization
properties. The birefringence of the cornea stems from cylindrical, collagenous fibril lamel-
lae present in the stroma. Each of the individual lamella, which are stacked, consists of
fibrils of different refractive indices [37, 50, 114, 171]. It has been documented that when
light is incident normal to the surface of the cornea, the birefringence is weaker at the
central part of the cornea [37, 114]. However, due to the curvature of the cornea, when
light enters the eye parallel to the optical axis but off axis, it makes an angle with the
normal of the corneal surface. This angle of incidence results in a retardation, [114] which
has been documented by multiple authors as a saddle like curve of retardance as a function
of position in pupil plane [37, 114, 171]. In addition, it was concluded by multiple authors
that “corneal retardance lies in the approximate range of zero to 120 degrees, with the axis
ranging from slightly nasally downward to highly nasally upward” [37, 171]. This variation
is dependent on the wavelength, angle of incidence, the retardance measurement methods,
and from person to person. In addition, it was determined that dichroism is negligible, and
depolarization is very small when light interacts with the cornea but this may increase in
older eyes [32]. Therefore, it has been concluded that the cornea contributes to the state
of polarization, mostly by means of its birefringent structure [37, 114, 171].
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The crystalline lens is another ocular structure that is characterized by its birefringence
signature [35, 122, 176]. Birefringence stems from the arrangement of cellular structures,
and from the structure of fiber membranes and interstitial cytoplasm [35, 170, 176]. In-
trinsic and form birefringence were found to be similar in magnitude and have opposite
signs, resulting in a small retardance value [35, 122, 176]. Published work by Bueno and
Campbell found an average lens retardance of 6.97 ± 1.79 degrees, which is axially sym-
metric in the center, and decreases from center to the edge of the lens [35]. In addition,
diattenuation was found to be on average 0.051 ± 0.032, and the degree of polarization
was found to be 0.64 ± 0.04. In comparison to the birefringence of the cornea, that of
the lens is negligible, and thus the polarization properties, except depolarization, are often
neglected [35]. Bueno and Campbell reported significant depolarization in older lenses and
suggested that it is an important polarization property that should be taken into account
when studying polarization properties of the light that passes twice through the ocular me-
dia and may have an age dependence [35]. Further, a later study found a non-significant
numerical increase of birefringence with age and sex [176].

Together with the polarization effects in the lens and cornea, the aqueous humor is also
characterized by polarization effects [122]. Optical activity has been identified by chircal
compounds that minimally rotate linear polarized light as it interacts with the aqueous
solution [122]. The optical activity stems from the presence of multiple compounds within
the aqueous humor, including glucose, albumin, and ascorbic acid and is negligible [122].

The polarization properties of the retina have also been studied extensively by many
research groups [44, 49, 90, 99]. The polarization properties of the retina originate from
the retinal nerve fiber layer (RNFL), the Henle layer and the fovea. When birefringence of
the RNFL was measured experimentally in several studies [49, 90, 99], it was determined
that the RNFL exhibits linear birefringence. The RNFL birefringence originates from the
orientation of the cylindrical structure of ganglion cell axons, and its magnitude depends
on the density and composition of axon organelles [90]. The birefringence has been found
to vary circularly around the optic nerve head (ONH). It is strongest in the superior
and inferior locations, and lowest in the nasal and temporal regions[49, 90, 99]. Using
a complete MM polarimeter, Campbell and Bueno determined that the RNFL has high
linear polarizance and depolarization [44, 141]. The small RNFL diattenuation indicates
that the retina differentially absorbs or reflects polarized light. Further, the interaction
of polarized light with the ONH partially depolarizes incident light [44]. The Henle fiber
layer and the RNFL have similar polarization properties [101]. The Henle fiber layer has
demonstated birefringence and form diattenuation properties, which originate from the
Henle’s fibers that extend radially from the fovea [101]. In addition, it was determined that
the macula area has diattenuation properties, forming the Haidinger’s brush polarization
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pattern [124, 170]. The polarization properties of the RNFL are employed in a widely used
method for monitoring the health of the ganglion cells and this polarization signature of
the RNFL has been linked to glaucoma [105, 106].

In conclusion, the eye is a complex structure characterized by ocular components that
have distinct polarization signals. Therefore, when obtaining the MM of a specific ocular
component, it is important to keep track of the polarization changes induced by other
parts of the eye. Understanding the polarization signature of ocular structures is crucial
for determining methods to identify the polarization signatures of amyloid-β on the retina
in-vivo, as discussed in Section 2.3.

2.3 Polarization signal of retinal amyloid-β deposits

The presence of amyloid-β deposits in the neuronal retina and their intrinsic polariza-
tion properties enable label-free visualization of deposits using MM polarimetry [46, 84].
The MM amyloid-β properties and polarization contrast demonstrate great potential to be
used as a non-invasive diagnostic tool [46]. Ocular structures, other then the amyloid-β de-
posits also demonstrate polarization properties, and were described in the previous section.
It was determined by Campbell et. al. that polarization signals from amyloid-β deposits
are significantly higher than that of the surrounding ocular optics [24, 45, 46, 58, 97, 145].
Assessing tissue with MM polarimetry provides additional morphological and composi-
tion information, while also enabling label free characterization of pathological changes
[2, 15, 34, 144]. Further, it was experimentally determined that polarization imaging pro-
vides improved image contrast and a higher signal-to-noise ratio (SNR) than conventional
retinal imaging systems [2, 15, 34, 61, 144].

2.4 Confocal scanning laser opthalmoscopy

Optical inspection of the human retina has been conducted for many years [14, 107, 149,
177, 178, 181]. The scanning laser opthalmoscope (SLO) is a sophisticated retinal imaging
method, which is widely used in vision science [14, 149, 177, 178, 181]. The limitations of
fundus photography, a retinal imaging modality that uniformly illuminates the retina, led
to the development of the SLO [59, 134, 177]. The SLO, first presented by Webb [177], uses
a monochromatic illumination source and a scanning unit, where the focused input beam
is raster scanned on the retina. Reflected light from the retina by-passes some of the input
beam optics, and is then recorded by a detector at each scan position. In comparison to
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preceding retinal imaging modalities, the SLO has improved contrast and optical quality
in retinal images. A later development, the confocal scanning laser opthalmoscope (cSLO),
uses a confocal aperture prior to the detector, which is usually optically conjugate to the
illumination spot on the retina. Thus, the cSLO further reduces out of focus scattering
in the image plane by blocking light scattered from planes and points other than the
illumination spot, and further improves image contrast.
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Chapter 3

Mueller-matrix scanning polarimeter
design: Retrofitting polarization
modules in the original SLO

3.1 Introduction

Conventional commercially available retinal imaging systems record the intensity and
phase of scattered or reflected light from retinal structures. Mueller-matrix (MM) polar-
ization retinal imaging enables optical inspection that can reveal features that cannot be
detected using conventional retinal imaging systems [2, 15, 34, 61, 144]. Assessing tissue
polarization properties provides additional morphological and composition information,
while also implementing label free characterization of pathological changes [2, 15, 34, 144].
In addition, it was experimentally determined that polarization imaging provides improved
image contrast and a higher signal-to-noise ratio (SNR) than conventional retinal imaging
systems [2, 15, 34, 61, 144].

MM polarization imaging requires an imaging modality that can collect light from a
sample of interest. Therefore, retinal polarization imaging is usually done in conjunction
with another modality that collects intensity information from the imaged structure. One
of the widely used methods for ophthalmic polarization imaging is using a scanning laser
opthalmoscope (SLO) [177] and integrating the polarization optics in the optical path,
creating a MM confocal scanning polarimeter.

In this chapter, I first describe a donated SLO. The optical setup of the input illu-
mination, pinhole detection, fixation and pupil tracking channels of the donated SLO are
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presented in Section 3.2. Design constraints for the modified polarization instrument,
the MM confocal scanning laser polarimeter are presented in Section 3.3. These design
constraints provide the motivation for the modifications presented in this chapter and
in Chapter 5. The MM scanning laser polarimeter, which is realized by retrofitting the
polarization modules in the donated SLO, is presented in Section 3.5. The selection of
QWPLs for polarization modulation in the MM scanning laser polarimeter is explained by
a comparative literature review, which is carried out between three highly used methods
for polarization modulation, and is presented in Section 3.6. Lastly, Section 3.7 character-
izes the instrument performance, and required modifications are identified and discussed
in Section 3.8. Additional modifications based on the optical quality analysis presented in
Section 3.7 are implemented in Chapter 5 to satisfy the design constraints.

The optical design work presented in this chapter contributes to the development of a
prototype instrument, the MM confocal scanning laser polarimeter, for Alzheimer’s disease
(AD) diagnosis. The material presented in this chapter is theoretical and can be used as
a benchmark to speed up prototype development. It is expected that the modifications
presented in this thesis will be carried out and tested experimentally.

3.1.1 Mueller-matrix laser scanning polarimeters for imaging the
human retina in literature

Polarization imaging in opthalmoscopy was first used to assess the retinal nerve fiber
layer in-vivo [64]. This novel imaging method played an important role for the early
detection of blinding eye diseases particularly glaucoma, for which it was implemented
in a scanning laser polarimeter for diagnosis [64, 139]. In the last few years, multiple
MM polarimetric opthalmoscope designs have been implemented for imaging polarization
properties of the human retina [170]. The basic setup of a polarimetric opthalmoscope
consists of a light source, a polarization state generator (PSG), which generates known
polarization states of input light, a polarization state analyser (PSA), which analyzes the
reflected light, and a detector [36]. The PSG and PSA have the ability to modulate the
polarization to unique positions on the Poincaré sphere as described in Sections 2.3 and
3.6.

A variety of methods to implement polarization modulation in MM scanning laser
opthalmoscopes have been developed [64, 65, 170]. Some optical setups modulate polariza-
tion by using rotating quarter-wave plates (QWPLs) [34, 64, 101], pockel cells [139], liquid
crystal modulators [33, 167, 168] or electro-optical modulators [159], enabling collection of
the retinal MM. Optical setups that attempt to determine only one polarization property
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of tissue, like birefrinence for glaucoma diagnosis, are often significantly simpler in terms
of polarimetry. The simplicity of such setups stems from the fact that less polarization
states need to be generated, enabling a simpler PSG and PSA design. In contrast, for the
purpose of the AD diagnostic tool developed in Campbell labs, a full MM polarimeter is
desired to enable the study of multiple polarization properties. A full MM polarimeter is
realized using 16 unique, linearly independent, polarization states [97, 167, 169]. It was
previously reported by Bueno et al. that depolarization is an important polarization prop-
erty of ocular tissue that should be obtained during polarization imaging [38]. In addition,
depolarization was reported to change as a function of various factors such as age [38]. A
polarization sensitive (PS) optical coherence tomography (OCT) system for imaging the
retina cannot satisfy this requirement. While OCT, as an interferometric method, provides
the advantage of rejecting light that is no longer coherent when it reflects from the sam-
ple, the loss of this information prevents the PS-OCT systems from measuring depolarized
light interacting with the sample [61, 97]. Another important disadvantage is that most
often OCT systems have a limiting field of view (FOV), which may result in a poor diag-
nosis when imaging amyloid-β deposits on the retina [47, 103, 190]. Furthermore, OCT
systems first obtain depth information, in the z-direction, per imaging position in the x-y
plane, leading to a slower cross-sectional image (x-y plane) acquisition than SLO systems.
Lastly, using an OCT may significantly increase the cost and complexity of the prototype
instrument.

3.2 The donated SLO optical setup

The donated SLO is a non-mydriatic, wide-field imaging device. A collimated narrow
beam of light incident on the eye’s entrance pupil is focused by the optics of the eye onto
the retina. The scanning unit of the SLO then raster scans the focused beam to image the
retina. The scanning beam and the detection through a pinhole enable out-of-focus light
and wide-angle scatter rejection. The optical setup is illustrated in Figure 3.1. The device
is distinguished by four optical channels: input illumination, pinhole detection, fixation
and pupil tracking channel. These four channels of the donated SLO are described in the
next subsections.

3.2.1 Input illumination channel

The input illumination optical path is illustrated in Figure 3.1 starting from the input
fiber to the eye. An 830 nm fiber (15-20 nm bandwidth) with a numerical aperture (NA)
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Figure 3.1: The original donated SLO. The beam path is illustrated for the central scan
position. Optical components: L-lens, BS-beamsplitter, SM-scanning mirrors, HM-hot
mirror, M-mirror, P-pinhole. Illustration was done with Inkscape (open-source vector
graphics editor); dimensions were modified for better visualization.

of 0.12 and an output power of 10 mW is used as an input illumination source. A two-step
collimator uses two lenses (Ls), L1 and L2, where L2 is optically conjugate to the entrance
pupil of the eye. The illumination and detection paths are separated by a beamsplitter
(BS) placed in between the two collimating lenses. The collimated beam is then directed
towards the scanning unit, which consist of two galvanometric mirrors with a fast scan
speed of 850 Hz and a maximum scan angle of 12.5 degrees. Then, the entrance beam is
reflected off the hot mirror, set at 45 degrees and directed to the tube lens system. The hot
mirror is a mirror with a filter, which reflects infrared light while transmitting visible light.
The tube lens consists of two custom built lenses that de-magnify the scanning beam by 2.6
times. The collimated beam is then incident on the eye pupil, with a beam size of 0.6 mm
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in diameter, and then focused on the retina by the ocular optics. The retina is scanned
by changing the angle of the incident beam at the entrance pupil. However, the beam
does not remain stationary between scans. Thus, the area that the incident beam covers
on the entrance pupil cumulatively from all scan positions due to the walk of the beam
of the pupil is approximately 2.2 mm. Thus, the donated SLO can accommodate patient
pupil diameters as small as 2.2 mm. The scanning laser source offers an advantage over
conventional fundus imaging since the nature of the moving spot across the retina allows
for a point by point retinal exposure. Thus, the SLO setup provides more optimal light
exposure to the human eye, according to the ANSI standards [67]. A further advantage of
the SLO setup, which uses a scanning beam, is the improved contrast by rejecting out of
focus light and wide-angle scatter, whereas fundus imaging that uses flood illumination,
has no rejection of out of focus light [69, 178].

3.2.2 Pinhole detection channel

The pinhole detection optical path is illustrated in Figure 3.1 starting from the eye
and ending at the collection fiber. Most of the detection channel follows the same path
as the input illumination channel but in the reverse direction. Light from the retina is
reflected and directed to the tube lenses, then reflected from the hot mirror (HM) onto the
galvanometric mirrors, and then is directed towards the focusing lens (L2). When light is
incident onto the BS, 90% of the energy will go through the beamsplitter and onto the 250
µm in diameter pinhole. Light is then directed to the collection fiber and finally incident
on the avalanche photodiode (APD), a non-cooled detector with a peak sensitivity of 800
nm and a spectral response range of 400 to 1000 nm. A pinhole is placed in a retinal
conjugate plane. Thus, if the pinhole is small enough it leads to the reduction of out of
focus light. The size of the pinhole will be discussed in a later section of this chapter.

3.2.3 Fixation target

The human eye is constantly in motion, even during fixation [120]. Natural fixation eye
movements made by a subject produce distortions during retinal imaging. These fixation
eye movements can be reduced and thus the fixation target is an important aspect of
instrument designs. The SLO includes a fixation target for the patient to view to minimize
eye movements. The fixation target is a blue light-emitting diode (LED) source of 470 nm
and 10 nm bandwidth. The fixation channel optics share some of the input illumination
and pinhole detection channel optics. Light from the fixation target is projected though L5
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and tube lens optical components, and is focused by the optics of the eye onto the retina.
To achieve alignment of the fixation LED with the center of the scan channel, the fixation
target can be translated in x and y directions.

3.2.4 Pupil tracking

A pupil tracking system is also included in the donated SLO setup. The source wave-
length is a near-infrared (NIR) LED and has a power of 50 mW. The camera channel is
used to determine the eye pupil position and confirm the working distance. The optical
head is moved into position for tracking the eye pupil position.

3.3 Design Requirements

The commercial market for ocular imaging technologies is highly competitive and so
defining design requirements that will place the MM polarimeter, that is presented in this
thesis, at a competitive position in the commercial market is important. Currently, the
most definitive diagnosis of AD is conducted after death by histological brain examination
[46, 84] due to a lack of both specific methods for detecting neurodegenerative disorders
and broadly accessible methods for screening preclinical symptoms. Although recent re-
search has indicated that the likelihood of AD can also be determined using amyloid PET
scans [93, 119], these methods are very expensive, making them primarily accessible in
drug trials rather than for routine diagnosis. In addition, amyloid PET scans are invasive
because they use radioactive tracers. In contrast, the MM scanning polarimeter is de-
signed to overcome these limitations associated with existing AD diagnostic technologies,
substantially decreasing the cost of examination and providing a non-invasive diagnostic
method. Common with other retinal imaging technologies, pupil dilation may be used,
especially, when aiming to obtain a large FOV [48, 60, 125, 160]. The system presented
here is designed as a non-mydriatic retinal imaging tool that provides a large FOV. This
feature places the device in the forefront of competitors, along with other wide-field retinal
imaging technologies [72, 109, 125, 160].

The modified instrument should maintain an SLO footprint similar to the original one,
even after polarization modules are introduced. Since the original instrument is elevated,
additional optics can be placed on its base. The optical and pixel resolutions should
be high enough to resolve any amyloid-β deposits in the retinas of older adults. In a
traditional SLO, the image acquisition speed is limited by the scanning unit. However,
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in the MM scanning polarimeter, acquisition time is also limited by the motors used in
the polarization units. It is central to the design that adequate image acquisition speed
must be accomplished due to the presence of fixation eye movements that can introduce
drift or artifacts to the retinal images [120]. The polarization modulation unit must be
repeatable and accurate, with fast modulation capability. MM polarimetry is prone to
errors that can be reduced by optimizing the polarization modulation units [80, 108, 110,
168]. Polarization optics are selected based on the need for fast, repeatable and accurate
polarization modulation. As in any optical device, the MM scanning polarimeter should
be modular, scalable and evolutionary, especially at the prototype phase of the design.

3.4 Methods

The optical design files of the donated SLO were provided in Code V, optical design
software by Synopsys. Optical design modifications, and image quality analysis presented
in Section 3.5 and 3.7, respectively, were carried out using Code V. A diffraction limited
eye model was used to simulate image quality on the retina to identify and correct for
system aberrations. Ocular aberrations are considered in Chapter 4. Further, the optimal
polarization modulation method, which is used in Section 3.5, was identified by carrying
out a comparative literature review on three main polarization modulation methods in
Section 3.6. Mechanical design of the PSG and PSA was carried out in Autodesk Inventor
as presented in section 3.6.

3.5 Mueller-Matrix scanning polarimeter: retrofitting

the polarization module in the original SLO

The MM scanning polarimeter can be realized by retrofitting a polarization module in
the donated SLO. The modified optical design is presented in Figure 3.2. QWPLs were
used for polarization modulation in the MM scanning polarimeter in Figure 3.2 and the
explanation of this choice is presented in the following section, Section 3.6, which is based
on design requirements specified in Section 3.3. Further modifications for improved image
quality are described in Chapters 4 and 5.

Polarization optics were introduced in the optical design based on work by members
of Campbell labs in [34, 36, 44, 68]. Since the BS separates the input illumination from
the pinhole detection beam path, the PSG was placed before the BS in the incoming
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Figure 3.2: Donated SLO modified by integrating polarization modules. The beam path
illustrated is for the central scan position. Optical components: M-mirror, L-lens, BS-
beamsplitter, SM-scanning mirrors, HM-hot mirror, Ph-pinhole, P-Polarizer; λ/4-Quarter-
waveplate unit. Illustration was done with Inkscape; dimensions were modified for better
visualization.

path and the PSA was placed right after the BS in the return path. Therefore, the PSG
and PSA interact with the input and reflected light sequentially. Since, it was previously
reported that the retardance of a birefringent waveplate varies as a function of the incident
angle of the beam, the PSG and PSA were placed in collimated space to eliminate or
minimize errors related to the incident angle of light on the QWPL [79, 80]. This avoids
rotation axis tip–tilt error, commonly called zenithal error [110]. Zenithal error is caused
by an angular difference between the normal of the waveplate surface and the incident
beam axis, and affects significantly the polarization modulation accuracy [79, 80, 110]. A
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two step collimation was used to collimate the beam prior to the PSG, which is identical
to the original design. Thus, the entrance pupil, scanning mirrors, PSG and PSA are
optically conjugate. The optical design of the MM scanning laser polarimeter is illustrated
in Figure 3.2. The input illumination and pinhole collection beam paths are illustrated in
Figure 3.3 obtained from the Code V simulation. PSG and PSA, highlighted with red, are
respectively comprised of a linear polarizer (LP) and a QWPL. Alternative polarization
modulation methods with their advantages and disadvantages are discussed in the next
section, where the selection of QWPLs for polarization modulation is justified.

Figure 3.3: Modified input illumination and pinhole collection channel in Code V. Opti-
cal components in red are the PSG and PSA. Some dimensions were modified for better
visualization.

An 830 nm fiber with a numerical aperture (NA) of 0.12 and with 10 mW output power
is maintained as the input illumination source. The two step collimation lenses, formed by
L1 and L2, are moved and placed before the BS. Light is then incident onto an LP followed
by a QWPL as illustrated in Figure 3.2. The LP and the QWPL define the input state
of polarization (SOP) that interacts with the sample of interest. The polarization unit,
scanning mirrors and entrance pupil were optically conjugate. The remaining beam path
that projects the light into the eye was maintained identical to the original setup. Reflected
light from the retina passes through the tube lenses, is reflected from the hot mirror (HM)
and directed onto the galvanometric mirrors. Reflected light is then transmitted through
the BS and directed to the PSA, which is comprised by the QWPL and LP. The reflected
beam was then focused onto the confocal pinhole (Ph) using L6 and detected by the APD.
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3.6 Polarization modulation methods for MM retinal

polarimetry: A comparative literature review

In this section, I present three polarization modulation modalities and qualitatively
identify the optimal methods for polarization modulation. The three methods for polar-
ization modulation described in this chapter are: rotating QWPL retarders, photo-electic
modulators (PEMs) and magneto-optic (MO) modulators. Although liquid crystals (LCs)
have been used in polarimetric setups, they are not one of the three modulation methods
compared because they are characterized by slow response times and high variability in
their polarization properties [30, 31, 167, 167, 169]. In addition, spatial uniformity in LCs
is often poor and the retardance has a strong temperature dependence [167, 167, 169]. The
optimal polarization modulation method is identified based on the design requirements
presented in Section 3.3. Accurate and repeatable polarization modulation is the most
important of these requirements for the selection of the optimal method. Accuracy in
polarization modulators is defined as the degree to which the polarization state or point
on the Poincaré sphere generated coincides with the correct state of polarization (SOP).
Repeatability, is the ability of the modulator to return to the same position on the Poincaré
sphere [61, 74, 86].

MM polarization imaging is an error-sensitive imaging modality [21, 108, 167, 169].
The accuracy of the MM reconstruction is reduced by error sources coupling into the mea-
surement. Therefore, it is important to use methods that enable reduction of these errors.
As described in Section 3.1.1, full MM polarimetry requires at least sixteen measurements
obtained by linearly independent polarization state combinations of generator and analyzer
[167, 169]. Thus, four PSG and four PSA states are required to obtain sixteen elements.
Azzam et al. first discussed the optimal choice for generator and analyser SOPs. It was
shown that four SOPs spaced far apart on the Poincaré sphere can reduce MM errors [21].
In addition, it was determined that the most robust MM determination is accomplished by
using points that form Platonic solids in the Poincaré sphere space [108]. This was later
discussed by others and it was identified that the four points far apart on the Poincaré
sphere that decrease instrument errors are accomplished by a QWPL with azimuth angles
of (-45, 0, 30, 60) or (-90, -45, 30, 60) degrees [5, 6, 7, 97, 168].

3.6.1 Dual rotating quarter-wave retarders polarimeter

Retarders are optical elements capable of changing the polarization of incident elec-
tromagnetic waves by causing phase lag between the two polarization states, Ex and Ey
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[86]. Polarization modulation using a wave retarder or waveplate (WPL) is accomplished
by rotating the WPL around the optical axis of the incident beam. The retardance,
∆φ, is defined as the absolute phase difference of the fast and slow axis, calculated as
∆φ = |φfast − φslow| . A QWPL is an optical element that introduces a relative shift of
∆φ = π/2 [86, 97].

Figure 3.4: Polarization state generator. Light traveling in the horizontal direction inter-
acts with the linear polarizer (LP) and quarter-wave plate (QWPL). Light travels from left
to right in the z-direction. Adapted with permission from [20] © The Optical Society.

Polarization modulation can be accomplished by using a LP followed by a QWPL. In
this setup, the LP has transmission-axis azimuth angles, α and the QWPL has fast-axis
azimuth angles, β as illustrated in Figure 3.4. By rotating the LP and keeping the QWPL
constant, points along the surface of the circle on the equator of the Poincaré sphere are
accessed, representing linear polarization states. By keeping the LP at a constant azimuth
angle and rotating the QWPL at a variable azimuth angle, β, the SOP is modulated at
various points on the Poincaré sphere. One of the first polarimeter setups capable of
measuring all sixteen elements of the MM of an optical system was developed by Azzam
using rotating QWPLs [19]. Rotating QWPL MM polarimetry was also implemented for
identifying in-vivo birefringence of the human foveal area [65, 101]. The implementation of
the polarization modulation units using dual rotating QWPLs is illustrated in Figure 3.5.
Input light passes through a LP to obtain linearly polarized light, which is then modulated
to other SOP by using a rotating QWPL [65]. Using a scanning unit, polarized light is
directed to various locations on the retina and reflected light is then directed to the PSA
which passes though the rotating QWPL and stationary LP.
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Figure 3.5: MM scanning laser polarimeter using rotating QWPLs. The PSG and PSA are
comprised by a LP and a QWPL which rotates to 4 positions. Adapted with permission
from [34] © The Optical Society.

SOP on the Poincaré sphere using rotating QWPL setup

The mathematics of how the SOP changes using a LP and rotating QWPL arrange-
ment in the MM polarimeter was described using the Stokes–Mueller calculus presented in
Chapter 2 [15, 20, 97]. All possible SOPs on the Poincaré sphere that can be accessed using
this setup are illustrated in Figure 3.6. These SOP points were determined by simulating
the possible stokes vectors derived in Equation 3.1, which were determined by taking the

consecutive product of unpolarized light
(

1 0 0 0
)T

, the MM of a LP, MLP, and the

MM of a QWPL, MQWPL [15, 97]. In the following equations the variable azimuth angle,
β, of the rotating QWPL is symbolized by θ. These points were previously described as
a figure-eight contour on a hemisphere with mirror symmetry along the equatorial plane
[20]. This indicates that with a LP and a rotating QWPL, one can generate states on
the Poincaré sphere that are spaced far apart, which is an essential requirement of MM
polarimetry for error minimization [20, 168, 169].
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Figure 3.6: SOP illustrated on the Poincaré sphere using a LP and a rotating QWPL.
Possible states of polarization (SOPs) are traced on the surface of Poincaré sphere and
were obtained from θ = 0 to 2π. The SOPs trace a figure-eight type trajectory. Modeled
in Matlab.
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Implications of polarization modulation using dual rotating QWPLs

Polarization modulation of quasi-monochromatic light in MM polarimeters using rotat-
ing QWPLs has been used for many years, providing reliable results [15, 20, 25, 65, 92, 101].
Using rotating QWPLs has the advantage of being a simple method for polarization mod-
ulation, and can be implemented in free space optics. Since the optical components used
in this modulation method are widely available from multiple manufacturers, the cost of
the device can be reduced, and low footprint options are available.

Since in this optical setup the QWPL must be rotated to obtain different polarization
states, a rotational stage needs to be used. Therefore, the main limitation of this method
was the rotation of the QWPL in free space, which can introduce errors and cause slow
image acquisition times. Compact high speed rotational stages are commercially available
but errors can be introduced by stopping the QWPL at the four required positions. This is
because it is difficult to continuously rotate the QWPL fast enough and to stop rapidly at
an accurate and repeatable position. Thus, the presence of rotational errors limits accuracy
and repeatability. Minimizing rotational related errors while keeping high rotational speed
may lead to significantly increasing instrument cost.

3.6.2 Photoelastic modulator polarimeter

Dual photoelastic modulator (PEM) systems are also widely used to modulate polariza-
tion [56]. Jasperson and Schnatterly presented the first Photoelastic modulator polarimeter
[94]. Since then, other research groups have introduced variations in the original setup to
improve the design [56, 96, 98, 108]. The PEM consist of a piezoelectric transducer and
an optical element. A current is applied to the transducer which vibrates the optical el-
ement, inducing stress. The stress changes the birefringence of the transparent optical
element causing change in the polarization state of light interacting with the crystal [96].
The implementation of the polarization modulation units using dual PEMs is illustrated
in Figure 3.7. Polarization modulation using a single PEM can rotate the SOP around one
of the axis of the Poincaré sphere. A PSG using a LP followed by two PEMs with two
different orientation axes can modulate the SOP along any point on the Poincaré sphere
as determined by sterographic projection and proven in the next section. In the optical
setup, the LP is orientated with a transmission axis set to 0 degrees and is then followed
by the two PEMs with retardance ∆ and fast axes at azimuth angles of 45 and 0 degrees,
respectively as illustrated in Figure 3.7.
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Figure 3.7: MM scanning laser polarimeter using dual PEMs. The PSG and PSA are
comprised by a LP and two PEMs. Adapted with permission from [34] © The Optical
Society.

SOP on the Poincaré sphere using dual PEMs

The mathematics of how the SOP changes using a LP and dual PEM arrangement in
MM polarimetry was described using the Stokes–Mueller calculus presented in Chapter 2
[15, 20]. All possible SOPs on the Poincaré sphere that can be accessed using this setup
are illustrated in Figure 3.8. These SOP points were determined by simulating the possible
Stokes vectors derived in Equation 3.4, which were determined by taking the consecutive

product of unpolarized light
(

1 0 0 0
)T

, the MM of a horizontal LP, MLP, and the MM

of each PEM, MPEM, [97, 169]. The LP has a transmission axis set to 0 degrees, the first
PEM has a retardance ∆1 and fast axis azimuth angle of 45 degrees, β1 = 45◦, and the
second PEM has a retardance ∆2 and fast axis azimuth angle of 0 degrees, β2 = 0◦. This
indicates that with a LP and two PEMs one can generate all the SOP on the Poincaré
sphere [20].
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Figure 3.8: SOP illustrated on the Poincaré sphere using a LP and dual PEMs. Possible
states of polarization (SOPs) are traced on the surface of Poincaré sphere and were obtained
from ∆ = 0 to 2π. The SOPs trace a figure-eight type trajectory. Modeled in Matlab.
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Implications of polarization modulation using PEMs

The PEM retarder is similar to a QWPL because it has a fixed retardance axis, with
a rotational angle, resulting in sinusoidally varying retardance values. In contrast to the
rotating QWPL setup, there are no mechanically rotating components which in some cases
results in improved signal stability and accuracy. Compared to the other polarization
variable retarders such as Faraday rotator and liquid crystal variable retarder, PEMs are
far more powerful because they have high modulation frequencies [174].

However, modulation of polarization using PEMs is prone to phase errors [98, 108]. The
high dependence of PEMs on tempurature can also introduce significant drift in the SOP
[96]. PEM modulation of SOP was determined to have variable accuracy and repeatability
which was evaluated experimentally in the lab by me and another lab member, Peter
Neathway. Using a PEM from General Photonics Inc. the accuracy and repeatability
for a 0 degree LP state and right hand circularly polarized (RCP) states were tested.
Repeatability was determined by the ratio of the standard deviation of the measured state
and the square root of the number of measured states, which is the standard deviation
of the mean, and was determined to be 0.14 and 0.2053 degrees for LP(0) and RCP,
respectively. Accuracy, which is the closeness of the measurements to a specific SOP value
was measured by the difference between the mean values of the SOP to the actual state
and was determined to be 0.16 and 0.538 degrees for LP(0) and RCP, respectively. In
addition, there was a high degree of drift observed that was also reported by previous
authors [96, 98, 108]. Therefore, while PEMs have the advantage of high polarization
modulation speed, and do not require rotating components, they lack the desired accuracy
and repeatability for in-vivo retinal imaging that will be used as a diagnostic tool.

3.6.3 Magneto-optical polarimeter

Polarization modulation with magneto-optical (MO) modulators operates using the
MO effect. The MO effect is a result of the interaction of an electromagnetic wave with
a diamagnetic crystal, where in the presence of a magnetic field, the polarization state
of light changes. MO modulators are realized using MO crystals which become optically
anisotropic by applying an external magnetic field causing a change in the permittivity,
which leads to a refractive index change [132]. The optical axis of this induced optical
activity is aligned with the axis of the applied magnetic field. While this phenomenon has
been known for many years, it has only recently been developed and become commercially
available for polarization modulation [51, 132]. In theory by using a LP followed by two
magneto-optic modulators with rotation axes aligned to two axis of the Poincaré shpere
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the SOP can be modulated to any state on the sphere, similar to the PEM polarimeter
[51, 188]. General Photonics Inc. has developed the first commercially available all solid-
state PSG that uses magneto-optic polarization rotators for MM polarimetry. This device
can generate six unique polarization states across a Poincaré sphere and repeatability was
reported to be better than 0.1 degrees [188]. The implementation of the polarization
modulation units using MO modulators is illustrated in Figure 3.9. Input light passes
through a LP to obtain linearly polarized light, which is modulated by the MO modulator.
Using a scanning unit, polarized light is directed to various locations on the retina and
reflected light is then directed to the PSA which passes though the rotating MO modulator
and polarizer [188].

Figure 3.9: MM scanning laser polarimeter using MO modulators. The PSG and PSA
are comprised by a LP and a MO modulator. Adapted with permission from [34] © The
Optical Society.
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SOP on the Poincaré sphere using dual MO modulators

The mathematics of how the SOP changes using a LP and MO modulator arrangement
in MM polarimetry were described using the Stokes–Mueller calculus presented in Chapter
2 [15, 20]. All possible SOPs on the Poincaré sphere that can be accessed are identified
using the exact same mathematics as the PEM arrangement in Section 3.6.2. If a LP and
two MO optical modulators were used with a magnetic field applied causing a fast axis
azimuth angle of 45 degrees, β1 = 45◦, and followed by a second MO modulator, which
has a retardance with a fast axis azimuth angle of 0 degrees, β2 = 0◦, then all SOPs on
the Poincaré sphere can be accessed. However, this option is not commercially available
yet. Since an MO modulator are only commercially available as a complete device from
General Photonics Inc., the possible SOPs on the Poincaré sphere are illustrated in Figure
3.10 for this device. It was determined that MO modulation was highly repeatable, and the
measured solid angle repeatability was better than 0.1 degrees [188]. The MO modulator
can access six polarization states including 0 degrees, ±45 degrees, 90 degrees, LHC and
RHC across a Poincaré sphere as illustrated in Figure 3.10.

Figure 3.10: Possible states of polarization (SOPs) are illustrated on the Poincaré sphere
using a MO modulator by General Photonics.
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Implications of polarization modulation using dual MO modulators

The advantage of MO modulation includes the fact that it is a solid state device with-
out being limited by rotating components, and has the ability to change the SOP almost
instantaneously. The predictable wavelength and temperature dependence is another im-
portant advantage of MO modulators [188]. Due to the binary nature of the magneto-optic
crystal, the magnetic field can be controlled by the electric circuit of the device that is al-
ready optimized to generate the magnetic field required for the six SOPs. This enables
easier MO modulation implemented than PEMs and QWPLs. Other advantages include
that the polarization unit is realized with free space optics and is characterize by fast re-
sponse times. The lack of mechanically rotating components also improves the design with
compact, fast, superior repeatability and stability.

The main limitation of this modality is that it is only available for communication
wavelengths and not the 830 nm wavelength used in the instrumentation presented in this
thesis. This is because the Verdet constant, which describes the strength of the magnetic
field, is proportional to the wavelength. Another limitation of this method is that the MO
modulator by General Photonics Inc. does not include elliptical SOPs. While it is possible
to obtain a full MM, the lack of elliptical polarization is not ideal, as suggested by the
optimal SOPs suggested in [5, 6, 7, 97] .

3.6.4 Optimal Polarimetric modulation method via QWPLs: a
novel implementation

Accurate, repeatable and fast polarization modulation is crucial to the instrumentation
of the MM scanning polarimeter that will be used as a diagnostic tool for AD. Three
methods were described above and characterized in order to identify the optimal methods
based on requirements presented in Section 3.3. Rotating QWPLs are the simplest to
implement but introduce significant rotational related errors. On the other hand, PEMs
and MO modulators are not limited by rotating components and thus they are generally
described as more accurate and repeatable [168]. However, PEMs were found to lack
high accuracy and repeatability, introduced retardation drifts, and are most commonly
implemented using fiber optics. Implementation with fiber optics was avoided because
optical fibers are known not to preserve the SOP of the light passing through them, which
is central to the instrumentation [133, 147]. Among the three methods, MO modulation
provided the most accurate, repeatable and fast polarization modulation. Further MO
modulators can be implemented in free space optics and have a small footprint. However,
the commercially available MO modulator cannot be used because it is only developed for
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communication wavelengths and not for imaging wavelength of the 830 nm. Therefore, the
optimal methods for polarization modulation is using QWPLs, determined by the process
of elimination. In addition, it is possible to further optimize the QWPL setup to reduce or
eliminate errors related to rotation. As a result of this requirement, a linear optical holder
for four QWPLs was designed to replace the rotating motor. The four QWPL holder is
illustrated in Figure 3.11. Each QWPL is mounted into a specific orientation. The linear
holder moves in and out of the beam path using a linear actuator.

Figure 3.11: Linear holder with four QWPLs used for polarization modulation in the PSG
and PSA. Each QWPL position is colour-coded indicating the four orientations of the
QWPLs. The linear holder is connected to a linear actuator which moves the linear holder
in and out of the beam path. The placeholder for each QWPL is a threaded continuous
rotation mount by Thorlabs (CRM05) that can be integrated into the linear holder design
for accuracy. Designed in AutoCAD Inventor

Apart from the advantage of removing all rotational components, the polarization mod-
ulation speed can be improved without additional errors. This is because a linear actuator
of high speed can be used without concern for the exact position of the linear actuator
during each of the sixteen measurements. In other words, using a QWPL that is larger
than the beam leads to small inaccuracies in positioning do not affect the polarization
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state. Lastly, this method allows customization of the size of the linear holder, enabling a
compact implementation of PSG and PSA. The linear holder illustrated in Figure 3.11 is
designed for commercially available QWPLs, but can be easily modified to custom sized
QWPLs.

3.7 Image quality and polarization analysis

The performance of the MM scanning polarimeter was assessed by image quality and
polarization ray-tracing analysis. The optical design files of the input illumination and pin-
hole detection channels were supplied in Code V and polarization optics were introduced
in the design as described in Section 3.5. A diffraction-limited eye model was implemented
to assess optical resolution in the MM polarimeter. The FOV, pixel resolution and pin-
hole size were also identified. Another important performance characteristic, the scanning
speed was assessed which affects image quality due to fixation ocular eye movements [120].
Polarization ray tracing and transmission analysis was used to identify the effect of polar-
ization optics in the beam path. Lastly, modifications are discussed to further improve the
design.

3.7.1 Optical resolution

The spatial resolution of a traditional SLO is determined by different factors including
wavelength, and entrance pupil size incident on the eye [177]. In a traditional SLO when
the entire eye pupil is used as an exit pupil, the input illumination beam determines
resolution. However, the donated SLO was found to not follow a conventional SLO design.
The donated SLO has a small entrance beam that causes a large diffraction blur on the
retina. This uniform illumination of the retina resembles a Maxwellian-view system. In
a Maxwellian-view system, the illumination beam is focused on the pupil of the eye, and
uniformly illuminates the retina [39]. Unlike the Maxwellian-view system, the donated
SLO de-magnifies the entrance beam using a tube lens resulting in a 0.6 mm collimated
entrance beam incident on the eye and results in a large, diffraction-limited Airy disk with a
radius on the retina of 28 µm. This highly defocused spot is then scanned along the entire
FOV creating uniform illumination on the retina with time. According to this analysis
in Code V and simulation in Matlab, the point spread function (PSF) on the retina for
each scan position is large. This large diffraction spot significantly overlaps adjacent PSFs
as a function of time. The simulated result of this uniform illumination on the retina is
illustrated in Figure 3.12, where the illumination is uniform except at the edges.
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Figure 3.12: Point spread function (PSF) at each scan position and the superposition of
these PSFs with time, which results in uniform illumination as indicated by the dashed
line. Simulation in Matlab.

In this SLO with a small entrance pupil the optical resolution is dependent on the
second-pass or return beam path of light leaving the eye [148], and the mathematics of this
conclusion are further derived in Section 5.3.2. This image quality is thus dependent on
the exit pupil in the return path. The exit pupil of the donated SLO is determined by the
clear aperture of the collection lens, L7. However, there is an additional constraint in the
donated instrument which is the collection fiber acceptance angle that further constrains
the beam. Therefore, the reflected light from the retina passes the ocular optics and then
the instrument optics where the beam is constrained first by the collection lens, L7 and
then by the pinhole whose aperture is set to ensure maximum collection angle for the
detection fiber. The pinhole is then the effective exit pupil of the system. The MTF on
the retina from the second pass using a diffraction limited eye is illustrated in figure 3.13
where the cutoff frequent is 124 cycles/mm. Thus the diffraction blur on the retina due
to the exit pupil, which corresponds to the system optical resolution, was equivalent to be
9.8µm.
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Figure 3.13: Modulation transfer function on the retina obtained from the return beam
path leaving the eye

3.7.2 Field of view

The peripheral retina and its vasculature is of major importance in a variety of condi-
tions including AD [8, 109, 125, 184]. Traditional fundus photography uniformly illumi-
nates the retina and is capable of acquiring 30 to 60 degrees FOV, whereas initial SLO
designs usually had a FOV less than 30 degrees [8, 107, 109, 125, 184]. Staurenghi et
al. have used a widefield lens accomplishing an increase in FOV [160]. Further, innova-
tive approaches have reached 100 degrees FOV using modified fundus photography or an
SLO setup. The two leading widefield SLOs currently on the market are the Optos and
the Heidelberg Spectralis HRA system and can accomplish from 100 to 200 degrees FOV
[109, 125, 184]. The Heidelberg ultra widefield (UWF) module uses a non-contact remov-
able lens which is attached on the camera head of the Heidelberg cSLO, expanding the
FOV [184]. In contrast, the Optos fundus camera uses an ellipsoidal mirror that permits
visualization of up to 200 degrees of the retina [109, 125].

Widefield imaging in the donated SLO is accomplished by using two custom-made
lenses that form a telescope, which de-magnify the incoming beam scanned on the retina.
The one dimensional FOV of the donated SLO measured at the nodal points of the eye
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is the product of telescope magnification and maximum optical scan angle, as described
by Izatt in [107]. Telescopes that de-magnify the entrance beam incident on the eye also
magnify scan angles [107]. Therefore, the FOV is described by equation 3.7 calculated by
the product of the maximum scan angle and angular magnification:

FOV = M · θ = 2.6 · 25◦ = 65◦ (3.7)

In traditional SLO optical setups there is a trade-off between the FOV and resolution. By
maximizing magnification the beam size is de-magnified, which causes a larger diffraction
blur on the retina due to the small entrance beam size on the eye. However, in the donated
instrument optical resolution is not impacted by the large magnification of the tube lens
as optical resolution is determined by the second pass.

3.7.3 Pixel resolution

Pixel resolution is equivalently as important as optical resolution and they are usually
matched. The pixel size is found to be 9.46µm from equation 3.8. The pixel resolution is
commonly double the pixel size and is determined in equation 3.9 as 18.9 µm.

Pixel Size =
FOV × f0

pixels
=

1.134rad× 16.67mm

2000pixels
= 9.456µm (3.8)

Pixel Resolution = 2 · Pixel Size = 18.9µm (3.9)

3.7.4 Confocal pinhole

The donated SLO has a pinhole, which is placed in front of the detector at a nearly con-
jugate plane to that of the retina. In traditional SLO setups a small pinhole can block light
that is reflected or scattered by structures at different axial or lateral positions. Therefore,
the pinhole attenuates light that would degrade the final image [107]. The pinhole can be
expressed in terms of the times-diffraction-limited (TDL) spot size as described by Izatt
in [107]. The TDL spot size is calculated by dividing the pinhole size with the Airy disc
diameter as indicated in equation 3.10 [107]. In this equation, the pinhole and Airy disc
sizes are projected onto the same plane, either the retinal plane, which is a pinhole conju-
gate plane, or the pinhole plane.

TDL =
Pinhole size

Magnification× Airy disc diameter
(3.10)
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To determine the TDL on either plane the system magnification needs to be first char-
acterized. The magnification of the system originates from the tube lens, which can be
determined by taking the ratio of the focal lengths of the two lenses, L3 and L4, or by
taking the ratio of the incoming and outgoing beam diameter from the tube lens. The
magnification was determined from Code V to be M1 = 2.6. There is also magnification
caused by the eye’s optics and the collection lens, L7, placed before the pinhole and was
measured to be approximately M2 = 1.8. The total magnification was determined to be
approximately Mtotal = M1 ×M2 = 4.65. The donated SLO has a pinhole diameter of
250µm. The Airy disk diameter on the retina from the output beam, which determines the
optical resolution in the SLO with a small entrance pupil, was determined to be 19.6µm,
resulting in a TDL of 12.76.

Thus, the pinhole size is large and does not contribute much to the rejection of out-
of-focus light. However, even in this large pinhole/detector setup the SLO can reduce out
of focus or wide-angle scattered light due to the use of a scanning beam as described in
[149]. Furthermore, wide-angle scattered light produces a wide-angle component compared
to the PSF calculated from diffraction and refraction, which may be attenuated using an
intermediate sized detector [149].

3.7.5 Scanning speed and eye movements during fixation

Traditionally in SLO systems, a fixation target is used to minimize patient eye motion
during examination. By placing a dichroic mirror in the optical path the fixation pattern
is imaged onto the retina. While people can focus at a visual target for extended peri-
ods of time, there are involuntary eye movements present even during fixation [120, 162].
Fixation eye movements are small movements of the eyes, which ensure that vision stays
clear, and does not fade during a task that requires fixation [120]. These eye movements
refresh images on retinal by preventing sensory adaptation. There are three main types
of eye movements that are studied during fixation including tremor, drifts and microsac-
cades [120]. Tremors are the smallest eye movements while drift and microsaccades are the
largest. While image calibration can be done afterwards, optimizing the fixation target
to minimize involuntary eye movements during fixation can decrease the amount of image
processing required afterwards [162]. As described in Section 3.2 the SLO uses galvono-
metric scanners to scan the retina. The retina is scanned with a fast line scan rate of 850
Hz providing a 2k× 2k image. The factor of two in the following equations is due a forward
followed by a reverse scan in every cycle.
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τLine Scan =
1

2 ∗ f
=

1

2 ∗ 850
= 0.59ms (3.11)

τPixel =
τLine Scan

2000
=

0.59

2000
= 0.29µs (3.12)

τImage = τLine Scan × 2000 = 1.18 s (3.13)

The acquisition time of a single 2k × 2k image was calculated to be 1.18s for a 65 degree
FOV measured from the nodal point. Since sixteen images have to be taken for the MM
polarimetry analysis, the total acquisition time of an image set is at least 18.9s. The
fastest microsaccade movement was documented at 97deg

s
and the average duration of a

microsaccade is 25 ms and highest duration of 30 ms [120]. As determined in Equation
3.14, the imaged retina features moves approximately by 90 pixels during a line scan, which
is likely to degrade part of a single line.

dmicrosaccade = 30ms × 97
deg

s
= 2.91 deg = 846.6 µm = 90 pixels (3.14)

Tremors had significantly slower rate than microsaccades. The fastest tremor was 20 arcmin
s

which is 0.33 deg
s

, and the maximum reported duration is 1 s [120]. As determined in
Equation 3.15, the imaged retina features move approximately 11 pixels during acquisition
of a single frame, which is likely to introduce a small amount of degradation.

dtremor = 1s × 0.33
deg

s
= 0.33 deg = 96 µm = 11 pixels (3.15)

The fastest drift was reported to be 30 arcmin
s

which is 0.5 deg
s

, and the maximum reported
duration is 1 s [120]. As determined in Equation 3.16, the imaged retina features move
approximately 15 pixels during acquisition of a single frame, which is likely to introduce a
small additional amount of degradation.

ddrift = 1s × 0.5
deg

s
= 0.5 deg = 145.5 µm = 15 pixels (3.16)

The equations presented give an estimate of the maximum displacements of an imaged
retinal featured during a line scan or full image acquisition. It is evident that microsaccades,
“the small, fast, jerk-like eye movements” that occur during involuntary fixation may pose
a small problem [120]. Therefore, a fixation target that can minimize microsacades could
improve the quality of the images acquired.
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3.7.6 Polarization ray tracing

The four optimal rotation angles using QWPLs for a MM polarimetry were previously
determined [7]. It was recommended that an angle set of (-45, 0, 30, 60) degrees or (-90,
-45, 30, 60) degrees should be used to reduce polarization related errors and fluctuations
in the detected intensity [7, 97]. These states convert light to circular polarized, linear and
elliptical polarized light. Code V has the ability to track the polarization state of light in
the beam path and on the image plane. Figure 3.14 illustrates the four polarization states
generated by the PSG and projected on the retina.

Figure 3.14: Polarization states on the retinal generated by the four PSG orientations: a.
−45◦, b.0◦, c.30◦, d.60◦; using an eye model that does not alter the polarized light states.

Transmission characteristic analysis

The light source of the confocal scanning polarimeter has a central wavelength of 830
nm and operates an output power of 10 mW. Transmission characteristic analysis (TRA)
was conducted through the system to determine how much power reaches the retina and
the detector. Transmission analysis in Code V computes the transmission of an optical
system, including the effects of lens material absorption plus single or multilayer anti-
reflection coatings. TRA output shows the transmission associated with each surface due to
coatings, diffraction efficiency and apodization, as well as the bulk transmission associated
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with material absorption losses in between surfaces. The transmission ratio due to surface
losses, referred to as REF and the transmission ratio due to bulk absorption, referred
to as ABS is determined. It was determined that REF=0.7446 and ABS=0.9756, for an
average wavelength 830 nm. However, when the PSG and PSA are introduced in the beam
path REF= 0.2862 and ABS is= 0.9756. As described by Malus’s law, the transmission
decreases substantially when the beam interacts with the PSG and PSA.

3.8 Discussion

The MM scanning opthalmoscope was designed by modifying the donated SLO. The
main modification included the implementation of the PSG and PSA in the input illu-
mination and pinhole detection channel, respectively. Instrumentation requirements were
specified to produce a competing product for the commercial market. It is essential that
the polarization modulation unit must be repeatable and accurate, with fast modulation
capability [80, 108, 110, 168]. Therefore, three methods for polarization modulation were
compared, and the optimal method was selected based on the need for fast, repeatable and
accurate polarization modulation. Rotating QWPLs provided better polarization mod-
ulation than PEMs and MO modulators. To further improve the design, an alternative
design was presented in which four QWPLs were placed sequentially on a linear holder to
reduce rotational errors in MM polarimetry. A linear actuator allows the linear holder to
be moved into different positions, enabling one QWPL to be in the beam path at a given
time. Therefore, the suggested PSGs and PSAs were designed using a polarizer, followed
by the linear holder with the four QWPLs presented in Section 3.6.4.

The modified optical setup was assessed for image quality. The donated SLO with a
small entrance pupil has an optical resolution of 9.8 µm, as determined in a diffraction-
limited eye. Based on research previously conducted by members of Campbell labs, the
required resolution was determined to be approximately 10 µm for imaging amyloid-β de-
posits in the neuronal retina, and is further discussed in Section 5.1.3 [47]. While the cuttoff
frequency indicates that deposits at this size could be resolved with the current setup, the
modulation or contrast beyond 80 cycles per/mm to this cuttoff is low. Thus, an improved
contrast at these spatial frequencies could better detect amyloid-β deposits. Theoretically,
the diffraction-limited optical resolution can be improved in the SLO by using a shorter
wavelength or a larger pupil [10]. These changes are accompanied by other factors, in that
when the wavelength is reduced, scattering increases and allowed light exposure decreases.
In addition, when a large enough pupil size is used, more aberrations are introduced. Adap-
tive optics (AO) could be used to improve resolution and to enable a larger incident beam
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with wavefront aberration correction. However, the use of a deformable mirror will increase
the instrument’s price and footprint. Therefore, the optimal pupil sizes that provide the
best image quality as a function of age are presented in Chapter 4. The implementation
of these changes and further investigation of image quality of the modified design are pre-
sented in Chapter 5. Further, the pinhole size in the original donated optical setup was
significantly larger than the diffraction limited spot size diameter of 18.9µm on the retina
caused by the second pass. However, according to the image sharpness and throughput
for varying TDLs previously documented in [107], the best tradeoff between sharpness and
throughput is for TDLs closer to 1. Optimal pinhole sizes are also identified in Chapter 4,
and modifications are implemented in Chapter 5.

Because imaging the peripheral retina is of major importance in AD diagnosis [8, 109,
125, 184], the FOV was assessed. The FOV was determined to be 65 degrees from the nodal
point. Thus, this device can be characterized as a widefield polarimetric opthalmoscope,
making it a very attractive diagnostic tool. The pixel size, another central characteristic,
was determined to be approximately 9.5 µm. This resolution is larger than we wish to
resolve amyloid beta deposits. Therefore, that pixel size must be decreased by either
reducing the FOV or by increasing the number of pixels by obtaining a 4k by 4k instead of
a 2k by 2k image. To be precise when the target optical resolution is 10 µm the pixel size
should be 5 µm, and for a 65 degree FOV an image size of 3800 by 3800 pixels is required.

In the donated SLO, galvo scanners are used to raster scan the retina. It was determined
that a single image acquisition time of 1.18 s is relatively slow considering that at least
sixteen images have to be taken for the MM polarimetry analysis, and therefore 18.9 s are
required for a complete image set. Further analysis of fixation eye movements indicated that
microsaccades could result in a small degradation or blur in a single line scan, while tremors
and drifts should not introduce any visible distortion. Therefore, it is suggested that a
fixation target should be optimized to reduce the effect of microsaccades. By nature, the
eye is never still, even during fixation. There is evidence that shape, color, or eccentricity
may influence the amplitude and direction of fixation eye movements [162]. The fixation
target in the original instrument design was blue. Recent studies focusing on determining
the causes of age-related macular degeneration (AMD) onset suggest that blue light may
be a factor in AMD [1, 100, 183]. Since the older population makes up the main study
subjects, it is recommended that a green target should be used instead of a blue one.
Another study found that a target shape of a bull’s eye and cross hairs resulted in a lower
microsaccade rate [162]. Therefore, a target identical to this can be used. Further, previous
research papers document that fixation stability does not change with age and that older
observers focused on a fixation target have fixation eye movements similar to those of
younger observers [172].
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In conclusion, this chapter has introduced an MM scanning opthalmoscope capable of
obtaining the full MM of the retina for a 65 degree FOV from the nodal point. Image
quality analysis identified a need for modification to optimize the optical setup for imaging
amyloid-β deposits in the retina of older adults. Chapter 4 presents the optimal pupil
and pinhole sizes for improved image quality in older adults. Chapter 5 implements these
modifications and present the final optimized optical setup.
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Chapter 4

Optimized Conditions for Improved
Image Quality as a Function of Age

4.1 Introduction

The scanning laser opthalmoscope (SLO), first described in early 1980s [177], uses a
monochromatic laser source that is raster scanned to obtain an image of the retina. For in-
vivo retinal imaging, the ocular optics are employed as a microscope objective. Therefore,
the image quality, in such imaging systems, is limited by the complex nature of the human
eye. Aberrations due to refraction of ocular surfaces, diffraction through the entrance
pupil and intraocular scattering are the main sources of reduced image quality [10]. It was
previously reported that the average optical performance of the human eye progressively
declines with age [81, 82]. The increase of monochromatic ocular wavefront aberrations as
a function of age was documented by several research groups, which explains the decline
of optical performance and retinal image quality [40, 73, 121, 150]. Previous work on the
relationship between monochromatic aberrations and age have shown high intersubject
variability. [4, 40, 71, 73, 81, 82, 121, 150, 173].

In addition, blur, due to diffraction, decreases with increasing pupil size, while blur
due to aberrations increases [9, 62, 146]. In the same way, optical quality metrics when
limited only by diffraction tend to improve with increasing entrance pupil size. However,
in the presence of wavefront aberrations, image quality becomes worse with increasing
pupil size [9, 43, 62]. The effect of both diffraction and wavefront aberrations on optical
image quality as a function of pupil size indicates that there is a point, which balances
these effects to provide an optimal pupil size for best image quality [43, 62]. Campbell and
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Gubisch determined that an optimal pupil size of 2.4 mm provides best lateral resolution
based on 3 subjects in an experimental setup [43]. Donnely and Roorda determined that
an optimal pupil size of 2.46 mm ± 0.66 mm improves lateral resolution, and a 4.30 mm
± 1.19 mm pupil improves axial resolution, based on aberration from 16 young adults and
using a phase plate eye to model the aberrations of the eye [62].

In this study, I first determined the relationship between monochromatic higher order
(HO) wavefront aberrations and age. While this is not a new finding, it is important to
evaluate this relationship. The main objective of this study, which uses data from 1219
eyes of 20-70 years old, is to quantify retinal image quality to identify optimal pupil sizes
as a function of age, that can be used in the design of SLO and cSLO systems. Age group
specific, optimal pupil sizes for four image quality metrics are determined in this study. The
age dependence of optimal pupil size is useful for the design of diagnostic instruments. In
particular, for instruments specialized in the diagnosis of Alzheimer’s disease, like the one
presented in Chapter 3, it would be optimal to use entrance pupils that would maximize
image quality for older adults since Alzheimer disease is prevalent in the older population
[140]. To study image quality as a function of age, I implemented Zernike polynomial phase
plate eye models, where each modeled subject-specific monochromatic aberrations and took
into account diffraction at the entrance pupil. Data of Zernike polynomial coefficients were
provided by Salmon [150] for 1219 subjects, who were between 20 and 70 years old.

The second objective of this study is to produce measures of both HO wavefront error
and retinal image quality as a function of pupil size. These curves are also stratified by
subject age. To my knowledge, this was the first time these results were documented based
on a large data set (n = 1219), providing age dependence. Such plots could assist with
optimized instrumentation design in order to maximize image quality on the retina and
subsequently improve retinal images, in instruments designed for a specific population.

The relationship between optimal pupil size, RMS wavefront error and age was iden-
tified. At the end of this study, the optimal pinhole size for an SLO is also presented
for optimal lateral and axial resolution. The work presented in this chapter can be used
as a benchmark for future instrumentation design, but its predictions should be tested
experimentally.

4.1.1 Optics of the human eye

The human eye is a sophisticated optical instrument with imperfect optical quality.
Light incident on the cornea and crystalline lens, is then incident onto the retina. Light is
then absorbed by the photoreceptors and the signal is transmitted to the visual cortex for
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further processing. At pupil sizes used for daytime vision, optical quality approximately
matches the cone photoreceptor sampling. At larger pupils, ocular aberrations are higher.
Not only do eye’s aberrations vary significantly with pupil size, they also vary from one
person to another, making the design of optical instruments to be used with the eye a
challenge, since the eye’s optical quality impacts the quality of fundus imaging systems.

Figure 4.1: Gullstrand–Emsley relaxed schematic eye by Bennet and Rabbetts [146].
Drawn in Inkscape.

The Gullstrand–Emsley relaxed schematic eye presented in Figure 4.1 uses the assump-
tion that all the refractive surfaces are co-axial with the cornea and crystalline lens, having
a common optical axis. The cardinal points in the relaxed schematic eye are illustrated
in Figure 4.1. Cardinal points enable calculation of image position and size without any
information on the ocular biometry [18]. Due to the refractive index of the aqueous and
vitreous, nodal points are shifted deeper into the eye, and are not coincident with the
principal planes [9, 18]. The first and second principle point, P and P’, lie in the anterior
chamber while the nodal points N and N’, are positioned near the back surface of the
crystalline lens. The equivalent power of the eye, Fo, has been defined as Fo = 60D with
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a refractive index, n = 1.336, for an average eye used here [146]. The posterior nodal
distance to the second focal length (N’F’) is derived in Equation 4.3 which is used for
determining the resolution limits for the diffraction-limited eye in Section 4.1.2 [146].

fo = PF =
1000× nair

Fo
= 16.67mm (4.1)

f ′o = P ′F ′ =
1000× neye

Fo
= 22.27mm (4.2)

fo = PF = N ′F ′ ≈ f ′o
neye

≈ 16.67mm (4.3)

Entrance and exit pupils

The entrance and exit pupils are illustrated in Figure 4.1. The entrance pupil is the
image of the real pupil formed by the cornea. The exit pupil is the image of the real pupil
formed by the crystalline lens. The entrance, exit and real pupil are all conjugate to each
other but have different magnifications [62, 146]. As documented by Bennet and Rabbetts,
the entrance pupil is 13% larger than the real pupil and the exit pupil is 3% larger than
the real pupil [146]. The entrance pupil then is 10.0% larger than the exit pupil [62].

4.1.2 Theoretical resolution for the diffraction-limited eye

The Rayleigh criterion is equivalent to lateral resolution in a diffraction-limited system
[28, 146]. For a circular aperture, the Rayleigh criterion states that two images are resolv-
able when the center of the diffraction pattern of the one is incident on the first minimum
of the diffraction pattern of the other. The smallest possible resolvable angle is defined by
Equation 4.4 where λ is the wavelength, and D is the entrance pupil diameter [28, 146].

θ =
1.22λ

D
(4.4)

By multiplying equation 4.4 with the length from the posterior nodal point to the second
focal length (fo) we can convert the lateral resolution from angular units to microns. NA
is the numerical aperture of the eye [28, 146].

rlateral =
1.22λ

D
fo =

0.61λ

NA
(4.5)
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Unlike lateral resolution, there are two algebraic expressions that describe resolution in
the z-direction as defined in [28, 138, 182]. The axial resolution, in depth (the z-direction)
as described by Wilson in [138], is first defined using “normalized optical coordinates, u,
rather than real-space coordinates”, and then converted to µms. As described by Born
and Wolf in [28], the relationship between axial real-space units (z) and axial optical units
(u) is described by Equation 4.6 where n is the the index of refraction of the medium
surrounding the specimen and λ is the wavelength.

u =
2πNA2

nλ
z (4.6)

The numerical aperture of the human eye, NA, expressed in Equation 4.7, where n is the
index of refraction of air (n=1) and r is the entrance pupil radius (r = D

2
) [138].

NA = nsinα ≈ r

fo
≈ D

2fo
(4.7)

A second equation for axial resolution is described by Wilson [138, 182], which relates axial
real-space units (z) and axial optical units (u) as described by Equation 4.8, where λ is the
wavelength, n is the index of refraction of the medium around the specimen ,in the case of
the retina n ≈ 1.337, and sin(α

2
) is related to the NA.

u =
8πn

λ
(sin(

α

2
))2z (4.8)

Using the small angle approximation limit, sin(α
2
) ≈ r

2fo
, Equation 4.6 simplifies to Equa-

tion 4.9 [138].

u ≈ 8πn

λ
(
r

2fo
)2z =

2πNA2

λn
z (4.9)

The axial resolution equation is then defined by Equation 4.10. This equation is derived
in the paraxial approximation limit and insight on the high angle equivalent is presented
in [156]. The variable u is an experimental measurement corresponding to the distance
between the half intensity points of the focused spot. This is equivalent to the full width
at half maximum (FWHM) of the integrated intensity of the point spread function (PSF)
and defocus plot for a confocal scanning system given in optical units. [63, 138].

z = u
nλ

2πNA2
(4.10)

Values for u were determined experimentally and are dependent on the type of object
imaged. For a diffraction-limited optical system, the halfwidth at half maximum of the
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integrated intensity distribution along the u axis was found to be u1/2 = ±4.4 [63]. This
corresponds to a FWHM of 8.8, u = 8.8 o.u. The axial resolution for the diffraction-limited
eye is then defined by Equation 4.11, consistent with [63]

z =
4.4nλ

πNA2
(4.11)

4.1.3 Monochromatic aberrations in the eye

The eye is an optical system subject to a number of aberrations affecting resolution.
Monochromatic aberrations are present in the eye, at larger pupil sizes [95, 135]. As with
any optical system, the presence of aberrations in the eye reduces retinal image quality.
Monochromatic aberrations can be described in terms of ray aberrations by longitudinal
and transverse aberration and in terms of wavefront aberration W (x, y). In this study,
monochromatic aberrations are described in terms of wavefront aberrations as they are
used to define aberrations over the entire pupil [158].

Wavefront aberrations

A wavefront is described as “ a surface that has a constant phase, and is perpendicular to
the rays”. In an aberration-free optical system the shape of the wavefront is either spherical
for nearer points or planar for distant sources [26]. After transmission through a perfect
converging lens, the wavefront is spherical so that, in the geometrical approximation, all
rays focus to a point [187]. When there are aberrations in the wavefront, the wavefront
surface is no longer a sphere but has some other shape. The wavefront aberration at the eye
pupil can be calculated as the optical path length difference between the actual wavefront
and the ideal spherical wavefront [104, 136, 158].

Wavefront aberrations described by Zernike polynomials

In vision science, wavefront aberrations are described by the ophthalmic optics OSA
convention using a Zernike polynomial function series [16, 163]. The wave aberration
W (ρ, θ) has a polar representation defined by Equation 4.12 where Zm

n (ρ, θ) is the Zernike
polynomial and cmn is its weighting coefficient and represents the amount of that aberration
[16, 158, 187]. The wave aberration is a function of ρ which is the normalized distance

51



from the center of the pupil ranging from 0 to 1 and θ is a meridian in the pupil in radians
that ranges from 0 to 2π.

W (ρ, θ) =
k∑

n=0

n∑
m=2i−n

cmn Z
m
n (ρ, θ) (4.12)

Zernike polynomials are a set of generalized polynomials on the unit circle that are orthog-
onal to each other. The benefit of using Zernike polynomials is that the polynomials are
independent from each other, and the sum of the coefficients gives the wavefront error. In
addition, each Zernike polynomial describes a certain type of shape. The total aberration
map is the weighted sum of fundamental shapes [26, 95, 135].

Each Zernike polynomial is the product of three terms, a normalization term, radial
term and a meridional term as shown in Equations 4.13 and 4.14.

Zm
n (ρ, θ) = Nm

n R
|m|
n (ρ)cos(mθ) for m ≥ 0, 0 ≤ ρ ≤ 1, 0 ≤ θ ≤ 2π (4.13)

Z−mn (ρ, θ) = Nm
n R
|m|
n (ρ)sin(mθ) for m < 0, 0 ≤ ρ ≤ 1, 0 ≤ θ ≤ 2π (4.14)

Part of the definition of Zernike polynomials is that for a given n, m can only take values
of −n,−n+ 2,−n+ 4. The normalization factor Nm

n is given by equation 4.15.

Nm
n =

√
2(n+ 1)

1 + δm0

, δm0 = 1 for m = 0, δm0 = 0 for m 6= 0 (4.15)

The radial term R
|m|
n (ρ) is described by Equation 4.16

R|m|n (ρ) =

(n−|m|)/2∑
s=0

(−1)s(n− s)!
s![0.5(n+|m|)− s]![0.5(n−|m|)− s]!

ρn−2s (4.16)

4.1.4 Human eye models in literature

Optical models of the human eye have been widely used for studying how refraction and
aberrations are affected by anatomical changes [18]. In addition, they provide a framework
on how retinal images are formed. Eye models have been used extensively in vision science
providing insights on the visual process and the limitations imposed on vision by ocular
optics [18].

Since the 19th century, optical eye models of varying complexity and anatomical ac-
curacy have been developed. Emesley’s reduced eye model, is among the first and most
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well-known schematic eyes [146]. The reduced eye models are anatomically inaccurate,
as they have a single high-powered surface [18, 146]. Three refractive surface eye-models
were introduced like the Gullstrand-Emsley eye model which modeled the crystalline lens
by using two refractive surfaces, as illustrated in Figure 4.1 [146]. The Le Grand’s full
theoretical eye model further improved the anatomical accuracy of the Gullstrand-Emsley
model by using two corneal and two lens refracting surfaces. These last two designs en-
abled accommodation in the models [18, 146]. After the discovery of the inhomogenious
nature of the crystalline’s lens refractive index, more sophisticated and accurate human
eye models were developed. Gradient index optics were first implemented by using nested,
homogeneous shells with different refractive indices like the Gullstrand’s No. 1 ‘exact’ eye
[18, 146]. Gullstrand’s No. 1 ‘exact’ eye has two corneal and four lens refractive surfaces.
More models have followed with a greater number of shells. With advanced technology and
increased understanding of the internal optical structure of the human lens, gradient index
(GRIN) lens models were developed. GRIN design models the eye lens as a series of iso-
indical contours [27, 111, 129]. Navarro, Liou and Brennan schematic eyes are among many
accurate eye models that were designed [111, 129]. A further advancement in eye models
that happened parallel to the GRIN lens work was moving from paraxial models, which
only accurately predict on-axis image quality at small pupils, to finite eye models. Finite
eye models introduce aspherical surfaces like conics to more accurately model the image
quality for large pupil sizes on and off-axis, which provides a more accurate prediction of
image quality [18, 113, 126, 158].

While these eye models are anatomically correct and provide accurate results, the bio-
metric data used are often based on population means or chosen to predict the image
quality without the use of a lens GRIN so are not biometrically correct. An average eye
model of a population causes some aberrations to approach zero, particularly asymmetric
aberrations, reducing the total wavefront error. For the purpose of this study it is required
to create an individual eye model for each subject. Navarro et al. developed customized
eye models using biometric data specific to individuals [130]. However, this study does not
have access to such data. Therefore, eye models using Zernike polynomial phase plates us-
ing subject-specific wavefront aberrations were implemented as described in section 4.2.1.
Phase plate eye models were previously used to model younger eyes in [83] and [102] but
this is the first time they were used to study image quality as a function of age.
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4.2 Methods

Zernike polynomial phase plate eye models, described in section 4.2.1, were implemented
in Code V (Optical Design software). Image quality analysis was carried out in Code
V. Using the application programming interface (API) of Code V, I wrote a program to
establish communication between Matlab and Code V to enable automation of this analysis,
which is explained in Section 4.2.4. Hannah Sara Rosenberg has contributed to this work
by writing code to generate Zernike polynomial coefficients specific to each subject and
pupil size.

4.2.1 Zernike polynomial phase plate eye model

A paraxial eye model was implemented in Code V. Monochromatic aberrations were
modeled by adding a Zernike polynomial phase surface in the entrance pupil in air for
each subject [62]. Zernike polynomial coefficients were provided by Salmon [150] for 1219
subjects, who were between 20 and 70 years old. Zernike polynomial coefficients for each
subject and each pupil size were corrected for best refractive correction. Only HO Zernike
polynomial coefficients were included in this analysis; first and second order terms were
excluded. A schematic of the Zernike Polynomial phase plate is illustrated in Figure 4.2
for a single subject. Incoming light is incident on the entrance pupil where the Zernike
polynomial phase plate and pupil size are specified. The distorted wavefront travels through
the posterior focal length, f=22.27 mm, and index of refraction n=1.336. The PSF of the
distorted wavefront on the retina is illustrated in Figure 4.2.

Zernike coefficients provided by Dr. Salmon

Zernike coefficients obtained from Shack-Hartmann measurements of human eyes, orig-
inally from five different laboratories from large population studies, were provided by
Salmon [150]. As described in [150], Zernike coefficients that were received from each
laboratory were “rescaled for pupil diameters of 5.0 mm and corrected to 550 nm using a
chromatic correction procedure” described in [118, 151] and further explained in Chapter
5. The measurements of the Zernike coefficients were centered on the center of the entrance
pupil for all five studies. Three of the groups obtained Zernike coefficients without pupil
dilation while the rest used a dilation agent. Since dilation agents are known to cause
pupil decentration, they would be expected to change the Zernike coefficients. Upon fur-
ther analysis, I confirmed that there was no statistical significant differences between the
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Figure 4.2: Zernike Polynomial phase plate eye model with the PSF resulting on the retina
(on the right) from the given phase plate (on the left). The phase plate is an interferogram
of the distorted wavefront in the pupil plane. The PSF on the retina was obtained in Code
V. Drawn in Inkscape.

HO RMS found in each of the five studies [4, 53, 143, 164, 173]. Each laboratory received
ethics approval from their respective Universities. Participants provided informed consent
for the original study and for future work.

4.2.2 Image quality metrics

Optical and image quality (optical performance) metrics on the retina were used as
an objective method to determine the optimal entrance pupil sizes [10]. Optimal entrance
pupil was defined as the pupil size that gave a given metric of best image quality, previously
described by Donnelly and Roorda [62]. Optical quality was measured by the root-mean-
square (RMS) wavefront error [10] in the pupil plane. In addition, three optical quality
metrics in the image plane, based on the PSF, were assessed including the diameter of
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50% encircled energy (EE), the strehl ratio (SR), and FWHM of the squared integrated
intensity as a function of depth. Three optical quality metrics in the Fourier domain were
used including entropy, area under the Hopkins ratio, and the cutoff frequency [10]. In this
analysis, each metric was obtained, for pupil sizes ranging from 1 to 5mm in increments of
0.25 mm for all 1219 subjects. The results were stratified by four age groups; 20-32, 33-45,
46-57 and 57-70. Optimal pupil sizes for each metric and age group were determined by
averaging the optimal pupil sizes of subjects in an age group. All metric values were tested
for distribution normality using the Kolmogorov-Smirnov test (p < 0.05). A two sample
Kolmogorov-Smirnov test was also used to identify if two curves are statistical significant
from each other. A regression analysis was performed testing the relationship between
image quality metrics, optimal pupil sizes and age. The statistical significance of these
results were assessed using a t-test or a Mann-Whitney test, in addition to the p-value
obtained in regression. The t-test was used in the case of a normal distribution and a
Mann-Whitney test was used in the case of a non-normal distribution.

Wavefront aberrations

Wavefront aberrations (WA) of the eye are most commonly described by Zernike poly-
nomial expansions. As described in section 3.1.3, Zernike polynomials are widely used in
ophthalmology due to their convenient nature. They are set a of generalized polynomials
on the unit disk that satisfy the orthogonality relation. Equation 4.17 describes the WA
as a linear combination of normalized Zernike polynomials.

WA(r, θ) =
∑
n,±m

c±mn · Z±mn (r, θ) (4.17)

In equation 4.17, r is the pupil size, θ is the angular variable over the pupil, Z±mn (r, θ)
is the Zernike polynomial and c±mn is the aberration coefficients. The subscript n indicates
the order of aberration. The superscript m is the angular frequency denoting the number
of times the wavefront pattern repeats itself [10, 187].

Variance, σ2, is used to described the spread of a set of numbers around the mean and
from each other. The variance of the WA can be determined by subtracting the square of
the mean of the WA from the mean of the squares of the WA presented in Equation 4.18.

σ2
WA = WA2 − (WA)

2
(4.18)

The root-mean-square (RMS) wavefront error of HO abberations, one of the most-used
optical quality metrics, is then calculated as the square root of the variance σ2, described
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in Equation 4.19.

RMS = σWA =

√
WA2 − (WA)

2
(4.19)

Since (WA) is fixed to zero the RMS is reduced to 4.20, where it is equal to the standard
deviation. Equation 4.20 describes the spread of WA from the average [10].

RMS =
√
WA2 (4.20)

The advantage of using Zernike polynomials to describe the WA is that the RMS of WA can
then be obtained easily from the Zernike coefficients. This is because of the orthogonality
of Zernike polynomials. The variance then of the WA is given by the sum of the variance
of each of the orthogonal components of the polynomial expansion,(c±mn )2, in equation 4.21
[10].

RMS2 =
∑
n,±m

(c±mn )2 (4.21)

In this study, only the effect of HO aberrations were studied, since first and second order
can be addressed with best refractive correction for each individual.

Srehl ratio

The SR describes the quality of the PSF as a scalar value and is commonly used as a
measure of optical performance. SR is defined as the ratio of peak PSF intensity of the
aberrated system and peak PSF intensity of the equivalent diffraction-limited system. The
SR is pupil size specific and is described by Equation 4.22 [10].

SR =
max(PSF )

max(PSFDL)
(4.22)

where PSFDL is the diffraction-limited PSF and PSF is the aberrated PSF of the system.
A perfect, diffraction-limited system results in a SR of 1, whereas a completely aberrated
system results in a SR that approaches 0 [10]. In this study the SR was identified but
not used for determining the optimal pupil size. This is because there is a monotonic
relationship between entrance pupil and SR. Therefore, as the pupil increases, SR decreases,
due the presence of aberrations, without any inflection point, which would signify the
presence of an optimal pupil.
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Lateral resolution

Lateral resolution describes quantitatively how small a feature can be resolved in the
image of the retina. It is often calculated as the FWHM of the 2D PSF. The FWHM is
measured by the distance between points on the PSF curve at which the intensity reaches
half its maximum value [10, 157]. Since the PSF of the subject specific eye model is not
symmetric, due to the presence of HO aberrations, including coma, another metric that
will account for the asymmetric nature is used [157]. The diameter of the 50% EE was used
as a metric of image quality and specifically resolution, similar to the methods described
by Donnelly and Roorda [62]. EE measures the fraction of the total energy in the PSF
that lies within a circle of a specified radius. It is calculated by first determining the total
energy of the PSF, and identifying the centroid. Circles of increasing radius are then drawn
from the centroid. The percentage of EE is determined by measuring the energy within
each circle and dividing it by the total energy. As the radius of the circle increases, more
of the PSF energy is enclosed. Therefore, EE ranges from zero to one [10]. The diameter
of 50% EE is defined as the diameter of circular area that captures 50% of the light energy.
Mathematically the diameter of 50% EE is computed from Equation 4.23 where r is the
radius and φ is the angular variable within the circle of interest.

� D50

0

� 2π

0

PSFN(r, φ)rdrdφ = 0.5 (4.23)

In a diffraction-limited system the energy of the PSF in concentrated within the center of
the PSF. The energy is less concentrated within the center of the PSF in the presence of
ocular aberrations. If the energy is concentrated within a small radius from the PSF center,
the optics are good and lateral resolution is high. If the energy is distributed over a large
area and a large radius is required to contain most of this energy, then this indicates poorer
optics and lower lateral resolution. In a diffraction limited eye the EE is 7% different than
the resolution determined by the cuttoff frequency. In addition, EE is often also described
as light in the bucket. The EE was determined from the PSF on the retina of the Zernike
polynomial phase plate eye model, described in section 4.2.1, using a built-in function in
Code V. The pupil size with the smallest diameter of 50% EE corresponded to the optimal
pupil.

Entropy

Entropy is a measure of spatial variance of the PSF and describes how the energy is
distributed in the two dimensional image [10, 91]. It can be mathematically calculated using
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Equation 4.24, which is commonly known as Shannon entropy. An aberration-free PSF
shows minimum entropy with maximum concentration of light in the center. Aberrations
increase the entropy because light tends to spread throughout the image.

H = −
∑
x,y

PSFN(x, y)log(PSFN(x, y)) (4.24)

Entropy can be defined in the spatial domain using the PSF or the frequency domain using
the optical transfer function (OTF). In this work entropy is defined as a function of OTF
in equation 4.25 and 4.26.

OTF =
∣∣F(PSF (x, y))

∣∣ (4.25)

H = −
∑
x,y

OTFN(x, y)log(OTFN(x, y)) = −
∑
x,y

IOTF (x, y)logOTF (I(x, y)) (4.26)

Modulation transfer function

Assessing contrast as a function of spatial frequency is another commonly used test
of performance. A Foucault grading, a target consisting of sinusoidal gratings, is used to
represent line objects. The smallest spating that can be imaged by the optical system is
regarded as the limit of resolution, which is expressed as lines per millimeters or lines per
degree. Modulation is described by Equation 4.27, where Imax and Imin are the maximum
and minimum intensity levels in the image. The modulation transfer function (MTF) is a
plot of the modulation as a function of spatial frequency. The modulation reaches zero at
the cutoff frequency (fcutoff ) for a diffraction-limited eye. Therefore, fcutoff of the MTF
can be used as limit of resolution based on the minimum separation, or angle, at which
two points can be distinguished as individuals [28].

M =
Imax − Imin
Imax + Imin

(4.27)

When accessing the image quality from the MTF one can either identify the fcutoff or
identify the modulation for specific spatial frequencies of interest. Due to the fact that
only HO aberrations were used in the eye models, excluding defocus, the MTFs were less
prone to approach modulations as low as zero. A more important limitation is contrast
reversal when working with MTFs instead of OTFs. Contrast reversal is directly related
to the sign reversal in the real part of the OTF. This means that in the MTF, which is
obtained by the magnitude of the OTF, neglecting the phase information, does not reach
zero but simply reaches a minimum point modulation. To overcome this issue and identify
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the cutoff spatial frequency, the spatial phase information was used to estimate the actual
fcutoff frequency in cases where the modulation did not reach zero. Lateral resolution from
the fcutoff can be plotted using Equation 4.28. This was used as secondary measure of
lateral resolution to EE. Optimal pupil size in each subject was determined as the one that
gave best lateral resolution or cutoff frequency.

rlateral =
1.22

fcutoff
(4.28)

Area under the Hopkins ratio

While the MTF captures a lot of information about an optical system, it is desirable to
describe performance with a single scalar metric instead of a function, and this is enabled
by determining the area under the Hopkins ratio (HR) as an image quality metric for
the human eye [10]. The HR is defined as the actual aberrated MTF divided by the
diffraction-limited MTF as a function of spatial frequency, as described in Equation 4.29.

HR(f) =
MTF (f)

MTFdl(f)
(4.29)

The area under the HR is a more global measurement of image quality as it accounts for
all spatial frequencies. The area under the HR is defined by Equation 4.30, where the HR
is integrated between zero and the diffraction-limited fcutoff [10, 87].

AHR =

� fc

0

HR(f)df =

� fc

0

MTF (f)

MTFdl(f)
df (4.30)

The area under the HR is a useful metric for the purpose of this work as it is dependent
on pupil size and was used in this study, in addition to the other metrics presented in this
section. Optimal pupil size for each subject was determined as the one that results in the
largest area under the HR.

Axial resolution

By employing a cSLO setup, some optical sectioning in depth can be accomplished
particularly if adaptive optics is used, unlike fundus photography [62, 177, 182]. Axial
resolution is equivalent to depth of focus and is defined as the distance in depth that the
imaged surface can be moved without significant deterioration of image quality [146]. The
smaller the depth of focus, the better the axial resolution.
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Figure 4.3: Axial resolution calculation summarized in four steps. Five through-focus PSFs
are illustrated in the bottom of the Figure. The PSFs illustrated were obtained for a single
subject at 4mm entrance pupil size. Defocus values are indicated below of the PSFs. Axial
resolution is determined by the FWHM of integrated intensity as a function of defocus.
Adapted with permission from [62] © The Optical Society.

The quantitative measurement, or metric, for axial resolution was derived from the
theory of light detection in the confocal scanning laser ophthalmoscope. This theory states
that “the measured PSF of a cSLO is proportional to the square of the intensity of the
3D point spread function” as described in [62, 182]. In fundus photography the integrated
intensity for each axial position is identical in all planes [62]. In a cSLO, when reflected
light is focused onto the pinhole a larger signal is detected than in the case that the
reflected object image is positioned out of the focal plane. Thus, the intensity of this
defocused spot is reduced. As explained by Donnelly and Roorda, “squaring is a direct
optical property of the confocal pinhole” [62], and by squaring the PSF, non-linearity is
introduced, which enhances high intensity peaks and attenuates the low intensities. Axial
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resolution information was obtained by slicing in planes the retina through depth where
each slice will contain 2D image information. Using Code V, 41 PSFs were obtained
in depth, ranging from -1 mm to 1 mm of defocus, at increments of 0.05 mm. As the
slice plane is further away from the the ideal focal plane the central intensity of the PSF
decreases. The 41 slices were interpolated to 4000 slices. Each PSF was then squared and
the integrated intensity of each squared PSF was plotted as a function of defocus. The
FWHM of the resulting graph is computed which is equivalent to axial resolution. This
method was described previously in [62]. The pupil that gave the smallest FWHM of the
integrated intensity plot corresponded to the optimal pupil size for best depth resolution
[62].

4.2.3 Effect of pinhole size on image quality

The SLO and cSLO minimize the effect of out-of-focus light and wide-angle scatter by
using both a scanning beam, and a confocal pinhole or by limiting the detector area [91].
The confocal pinhole is usually placed in an optically conjugated plane with the retina. A
small confocal pinhole can be described as cropping the PSF on the retina or by reducing
the intensity in the wings of the PSF [149]. When using a very small pinhole, although
there is high out-of-focus and scattered light rejection, it also reduces the light reaching the
detector, thereby impacting throughput. A larger imaging pinhole has the ability to still
remove wide-angle scatter as it manifests as a wide-angle component in the final PSF [149].
Thus, it improves contrast while maintaining sufficient reflected light hitting the detector.
In this study, I simulated the effect of a confocal pinhole, that is optically conjugate to the
retina, by projecting an aperture on the retina. The pinhole is described in terms of the
times-diffraction-limited spot size (TDL) as presented in [107].

TDL =
Pinhole size on the retina

Airy disc diameter
(4.31)

TDL is defined as the pinhole size in the retina normalized with respect to the diffraction-
limited Airy disc diameter formed on the retina from the pupil 4.31 [107]. For each subject
and each pupil size, 7 pinhole sizes were used. The lateral and axial resolutions were
determined for all 7 pinhole sizes for each pupil size. TDLs of 0.5 to 3.0 in increments
of 0.5 were studied, in addition to the results with no pinhole. Plots of throughput as a
function of pinhole size were produced for each pupil to identify optimal pinhole size as
a trade-off between throughput and resolution. Throughput was calculated by taking the
sum of the intensity values of the PSF on the retina shown in Equation 4.32 as described
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in [107].

Throughput =
n∑
i=1

m∑
j=1

PSF (i, j) (4.32)

4.2.4 Automation Process

An automation program was required in order to analyze the large data set with the
methods described in the previous section. Therefore, I wrote an automation program
enabling the communication between Matlab and Code V. Hannah Sara Rosenberg wrote
a program to generate all the .INT files that contained the Zernike polynomial coefficients
specific to each subject and pupil size. The Matlab and Code V communication was
enabled by the Code V API which is an application programming interface that allows
access to Code V commands from other programs [161]. The API operated using the
Microsoft Windows standard component object model (COM) interface [161]. The COM
interface enables the execution of Code V commands using programs such as Matlab. The
Code V API was particularly useful for automation tasks providing the ability to use Code
V’s ray-tracing capability and data analysis with Matlab, illustrated in Figure 4.4. The

Figure 4.4: Illustration of Code V’s API: Communication between client and server appli-
cation

automation program provides advantages of faster acquisition of results and consistent
analysis. Before running the automation code, the .INT files, which were later attached
to the phase surface of each eye model, were generated by Hannah Sara Rosenberg. The
.INT files contained the Zernike polynomial coefficients specific to subject and pupil size.
The automation program attached the .INT files to each eye model and determined image
quality metric values for each pupil size of each subject, and determined the optimal pupil
sizes for each individual. The data was organized by age group, 20-32, 33-45, 46-57, 58-70
to study the age dependent of the optimal pupil size. The main steps of each program
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are outlined in the flowcharts and the mathematics of each step are explained in previous
sections of this chapter.

Zernike polynomial .int files

All Zernike coefficients correspond to a pupil size of 5.0 mm and a common wavelength
of 550 nm. Only higher order aberration were included in this study. Therefore, piston,
defocus (sphere, and astigmatism) were zeroed to mimic best refractive correction. Zernike
coefficients are specific to pupil size and so a resizing method described by Campbell [42]
based on [153] was used to generate coefficients for smaller pupil sizes from 1 mm to 5 mm
with increments of 0.25 mm. For each subject and pupil size, the order and normalization
was modified as appropriate to fit the standard of Code V. Figure 4.5 illustrates all the
steps operated in Matlab to obtain individual .int files per pupil size and per subject
that are normalized and rearranged as required by Code V. Using the paraxial eye model
presented in section 4.2.2, individualized eye models are generated by attaching the .int
file to the entrance pupil in air.
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Figure 4.5: Flowchart describing the generation of .Int files containing the subject specific
Zernike coefficients to be attached to the pupil of individual Zernike-polynomial phase
plate eye models. Drawn by Hannah Rosenberg; see Statement of Contributions.

Optimal pupil size calculation for different metrics

The flow chart illustrated in figure 4.6 highlights the steps taken to output image quality
metric values for each pupil size of all subjects, in four age groups separately. The first step
in this process was to identify the subject age and subject identification number. Starting
from the 5 mm pupil size, the appropriate .INT file was attached to the entrance pupil in
air comprising the model eye in Code V. Image quality metrics were determined and were
output into an excel file, saved to a subject specific folder. The optimal pupil size for each
metric was output to a separate excel file that contained optimal pupil sizes of all subjects
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in that age group. This methods allowed for easier analysis and presentation of results.

Figure 4.6: Flowchart describing the optimal pupil size determination for each Zernike-
polynomial phase plate eye model. Drawn by Hannah Rosenberg; see Statement of Con-
tributions.

Pinhole size

The flowchart illustrated in Figure 4.7 highlights the steps taken to obtain lateral and
axial resolution for each pupil size of all subjects, while using an aperture to sample the
PSF in the image plane, simulating the effect of a confocal pinhole. This flowchart is nearly
identical to the one in Figure 4.6, but it includes an additional loop, which loops over the 7
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pinhole sizes used in this study. Only two image quality metrics were assessed as a function
of pinhole; lateral resolution measured with EE and axial resolution.

Figure 4.7: Flowchart describing the optimal pinhole size determination for each Zernike-
polynomial phase plate eye model. Drawn by Hannah Rosenberg; see Statement of Con-
tributions.

67



4.3 Results

The relationship between monochromatic HO wavefront aberrations and age is pre-
sented in section 4.3.1. In section 4.3.2, average lateral, axial resolution and area under
the Hopkins ratio as a function of pupil size determined from 1219 subjects is shown. These
plots are also stratified for the four age groups. In addition, the optimal pupil sizes for
four image quality metrics that are significantly different with age are further discussed in
section 4.3.3. Results from regression analysis identify the relationship between optimal
pupil size and RMS wavefront error. Lastly, the optimal pinhole to maximize instrument
performance in an SLO or cSLO is presented in Section 4.3.4.

4.3.1 Higher order (HO) root mean square (RMS) wavefront er-
ror as a function of age group

The variation of HO RMS wavefront error as a function of age group is presented
in figure 4.8. Published results using this data in [150] were computed without regard
to trends among subgroups but for the purpose of providing mean Zernike coefficients
and RMS values to serve as a reference set for normal, healthy adult eyes [150]. The

Figure 4.8: [Left](Points) Average HO RMS wavefront error as function of age group.
The standard deviation is plotted with the average values as a function of age for a 5.0
mm pupil. (Curve) 2nd order regression line fitted to all the data (R2= 0.055; p<0.01;
Spearman’s correlation coefficient, Rs=0.19; n =1219). [Right] 3rd, 4th RMS and primary
spherical wavefront error as a function of age for a 5.0 mm pupil. (n=1219; 3rd: R2=0.025;
p<0.05; 4th: R2=0.073; p<0.01; Z4

0 coefficient: R2=0.054; p<0.05). The subject numbers
for the 4 age groups, 20-32, 33-45, 46-57 and 58-70 are 588, 416, 172 and 43 respectively.
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variation of RMS based on subgroups such as age and ethnicity presented in this section is
supplementary to the published work in [150]. The total HO RMS wavefront error increased
significantly as a function of age as illustrated in figure 4.8. On average, 3rd, 4th order and
spherical aberration Z4

0 also increased as a function of age. The R2 value, which describes
the goodness of fit, statistically indicated that age poorly explains the variance in total HO
RMS wavefront error. In addition, high variability in each age group was demonstrated
by the high standard deviation in Figure 4.8. There were individual subjects in the older
group with lower HO RMS wavefront error than others in the younger group. This high
variability between subjects is consistent with previous studies [40, 73, 81, 82, 121, 150,
173]. Despite the wide variability at each age group, there was a statistically significant
relationship between HO RMS wavefront error and age (p < 0.01). The Spearman’s
correlation coefficient (Rs = 0.19), a statistical measure of the strength of a monotonic
relationship between two data sets, indicated a weak correlation, consistent with previous
findings [173]. Therefore, while HO wavefront error varied widely among subjects, there
was a significant trend of an average increase of HO wavefront error as a function of age.

A regression analysis with multiple predictors, which is equivalent to a multi-variable
fit, was also carried out to identify additional factors that explain the variation in total
HO RMS wavefront error. The relationship of HO RMS wavefront error as a function of
age, gender, data set, sphere and cylinder was studied. Regression with multiple predictors
provided an improved fit but the R2 value remained low as R2= 0.162. The fit with the
following predictors x1, x2, x3, x4 and x5 corresponding to age, sphere, cylinder, gender
and study, respectively, gave the following regression curve of y = 0.18774 − 0.032782 ·
x3 − 0.056638 · x4 + 0.00028913 · x1 · x2 + 0.00074496 · x1 · x4 − 0.0053628 · x4 · x5 +
5.9591e−05 ·x12 +0.042869 ·x42 (p<0.05). Therefore, the variation of HO RMS wavefront
error was dependent on, and statistically significant with, cylinder, gender and study,
as presented in the equation above. These predictors provided a weak but statistically
significant explanation of the variation of HO wavefront error.

4.3.2 Average image quality as a function of pupil size

The effect of both diffraction and wavefront aberrations on optical image quality as a
function of pupil size indicated that there is a turning point which provides the optimal
pupil size for best image quality, consistent with literature [9, 43, 62, 146]. Figures 4.9,
4.10, 4.11 and 4.12 present the average lateral resolution from EE, area under the HR,
axial resolution and lateral resolution from the cutoff frequency as a function of pupil
size, respectively, for 1219 subjects. As presented in the previous section, due to the high
variability of RMS wavefront error among subjects, it is important to produce such curves
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based on large sample sizes. Each image quality metric curve is presented separately for
each age group. While entropy was studied, it was excluded from these results since it
indicated no statistical significance with age. As described in Section 4.2.2, a two sample
Kolmogorov-Smirnov test was used to determine if the curves are statistical significant
from each other.

Average lateral resolution determined by the diameter of 50% EE on the retina, based
on all subjects, improved with increasing pupil size to a turning point around 2.75 mm
where it began to get worse due to the presence of aberrations. As illustrated in Figure
4.9, lateral resolution on average was nearly diffraction-limited for pupil sizes smaller than
1.5mm, consistent with previous published work by Campbell [43]. The shaded area on the
left curve in Figure 4.9 is the standard deviation indicating the high variability of lateral
resolution among subjects. On the right, in Figure 4.9, the average resolution is presented
for each age group. Curves for average lateral resolution as a function of pupil size for each

Figure 4.9: Average lateral resolution obtained from encircled energy as a function of
entrance pupil. Solid curves indicate the average resolution for each pupil size. [Left]
Shaded area is the standard deviation. [Right] Shaded area is the standard error (SE).
The subject numbers for the four age groups, 20-32, 33-45, 46-57 and 58-70 are 588, 416,
172 and 43, respectively.

age group were significantly different from each other (p < 0.05). As age increased, there
was a decline in lateral resolution beyond 2.25 mm. In addition, the deviation from the
diffraction limited curve happens at a smaller pupil size for older adults than in younger
adults. This was consistent with what one might expect given that the RMS wavefront
error on average becomes higher as a function of age [81, 82, 173]. The standard error
indicated the high variability of lateral resolution for all subjects but became smaller when
age groups were considered separately. There are individual subjects in the older group
with better lateral resolution than others in the younger group. HO RMS wavefront error
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affects image quality, and subject specific retina image quality affects the optimal pupil
size. Therefore, one explanation of the high standard deviation in these results, which
increases in the older age group, is the high variability present in the RMS wavefront error
discussed in Section 3.3.1.

The average area under the HR as a function of pupil size and age group is presented
in figure 4.10. The area under the HR is an image quality metric that gives additional
information as it takes into account all spatial frequencies, and thus a larger area under
the HR is optimal. The relationship of this metric with pupil size was found to follow a
similar trend to that of lateral resolution based on encircled energy. A diffraction-limited
eye model resulted in an area under the Hopkins ratio that increased a function of pupil
size. Due to the presence of aberration, the area under the Hopkins ratio started to
decrease as pupil size increased beyond 2.5 mm, illustrated in Figure 4.10. The deviation
from the diffraction limited curve happens at a smaller pupil size for older adults than
in younger adults. Average area under the Hopkins ratio for each age group separately
is illustrated on the right in Figure 4.10. The average area under the Hopkins ratio as
a function of pupil size curves for each age group were found to be significantly different
from each other (p < 0.05). There was a high standard deviation present in all age group
curves consistent with the results obtained for lateral resolution and RMS wavefront error.
Unlike the results based on encircled energy, the standard deviation did not increase as
the pupil size increased.

Figure 4.10: Average area under the Hopkins ratio as a function of entrance pupil. Solid
curves indicate the average values for each pupil size. The AHR in the diffraction limit is
equal to cutoff frequency. [Left] Shaded area is the standard deviation across all partici-
pants. [Right] Shaded area is the standard error (SE). The subject numbers for the four
age groups, 20-32, 33-45, 46-57 and 58-70 are 588, 416, 172 and 43, respectively.
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Average axial resolution as a function of entrance pupil sizes is illustrated in Figure
4.11. In the case of a diffraction-limited eye, axial resolution improved exponentially with
increasing pupil size. The deviation of axial resolution from the diffraction limited curve
happens at approximately 2.5 mm for younger adults and at a slightly lower pupil for older
adults. When aberrations were included, average axial resolution improved up to a turning
point of around 3.5mm. Beyond this turning point, the rate of decline for axial resolution
decreases with increasing pupil size. Curves of average axial resolution as a function of pupil

Figure 4.11: Average axial resolution as a function of entrance pupil. Solid curves indicate
the average resolution for each pupil size. [Left] Shaded area is the standard deviation.
[Right] Shaded area is the standard error (SE). The subject numbers for the four age
groups, 20-32, 33-45, 46-57 and 58-70 are 588, 416, 172 and 43, respectively.

size for each age group are illustrated on the right of Figure 4.11. Average axial resolution
as a function of pupil size curves for each age group were found to be significantly different
from each other (p < 0.05). The high standard deviation was consistent with the results
of other metrics where high variability was present.

An additional method to determine lateral resolution is to use the cutoff frequency of
each MTF. The average lateral resolution determined from the cutoff resolution, which is
expressed in Equation 4.28, as a function of pupil and age is illustrated in Figure 4.12.
Consistent with the other metrics, average resolution improved for increasing pupil size
but only to a turning point of around 2.75 mm where lateral resolution from the cutoff fre-
quency became worse due to the presence of aberrations. The cutoff frequency method, in
comparison to the diameter of 50% encircled energy method, introduced higher variability
in the results as indicated by the high standard error and strange shape of the older age
group. This can be observed when comparing Figures 4.9 and 4.12. The high variability
stems from the fact that it is a challenge to identify precisely the cutoff frequency. The
lateral resolution curves, as a function of pupil size, for each age group are shown on the
right of Figure 4.12. Only the older group with respect to the younger groups was found to
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Figure 4.12: Average lateral resolution obtained from the cutoff frequency as a function
of entrance pupil. Solid curves indicate the average resolution for each pupil size. [Left]
Shaded area is the standard deviation. [Right] Shaded area is the standard error (SE).The
subject numbers for the four age groups, 20-32, 33-45, 46-57 and 58-70 are 588, 416, 172
and 43, respectively.

be statistically different (p < 0.05). The lack of precise identification of the cutoff spatial
frequency of the MTFs which is required to determine lateral resolution, could be due to
the presence of extensive contract reversal. Contrast reversal is directly related to the sign
reversal in the real part of the OTF. This means that the MTF which is obtained by the
magnitude (absolute value) of the OTF, neglecting the phase information, may not reach
zero but simply reaches a minimum point modulation. To overcome this issue and iden-
tify the cutoff spatial frequency, the spatial phase information was used to identify when
contrast reversal occured and to estimate the actual cutoff frequency in cases where the
modulation did not reach almost zero. In addition, due to the fact that only higher order
aberrations were used in the eye models, excluding defocus, the MTFs were less prone to
approach modulations as low as zero. In conclusion, this method is not as precise as the
other metrics of image quality used in this study.
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4.3.3 Optimal pupil size as a function of age group

The optimal pupil size for each optical performance metric, presented in the previous
section, was determined for each subject. Optimal pupil sizes were selected as the ones
that gave the best optical quality on the retina. Average entrance pupil size values and
standard deviations for each age group are presented in tables 4.1 and 4.2. These values
were obtained by averaging the subject specific optimal pupil sizes for each age group.

Lateral Resolution (EE) Lateral Resolution (fcutoff )
RMS (µm) OPS (mm) LR (µm) OPS (mm) LR (µm)

20 - 32 years
AVG 0.1790 3.09 3.95 3.34 4.28
SD 0.0808 0.488 0.654 1.00 1.05

33 - 45 years
AVG 0.1911 3.00 4.06 3.32 4.37
SD 0.0698 0.430 0.543 1.01 0.998

46 - 57 years
AVG 0.2118 2.89 4.19 3.30 4.46
SD 0.0841 0.471 0.639 1.04 1.13

58 - 70 years
AVG 0.2556 2.73 4.48 2.95 4.71
SD 0.0996 0.402 0.654 0.858 1.14

Table 4.1: Optimal pupil sizes (OPS) for best lateral resolution (LR). Root-mean-square
(RMS) wavefront error at a 5 mm pupil for each age group is presented. The subject
numbers for the four age groups, 20-32, 33-45, 46-57 and 58-70 are 588, 416, 172 and 43,
respectively.

In table 4.1 average RMS wavefront error and optimal pupil size determined by the
diameter of 50% EE were found to be significantly different as a function of age. The
optimal pupil size determined by the cutoff frequency was significantly different between
individuals aged 58-70, compared to all other age groups(p < 0.05). No other age groups
were significantly different. All optimal pupil sizes presented in table 4.2 for area under
the Hopkins ratio and axial resolution were significantly different for each age group.

When studying Figure 4.9 in conjugation to table 4.1, I determined that if the optimal
pupil size for younger adults (2.73mm) was used in older adults, then the resolution would
be on average 0.53µm worse. If the optimal pupil size for best axial resolution for younger
adults was used in older adults, then the axial resolution would be on average 26.4µm worse
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as determined by Figure 4.11 and table 4.2. Both the average lateral and axial resolution
were found to be significantly differenct as a function of age group.

Area Under the Hopkins Ratio Axial Resolution

OPS (mm) AHR ( cycles
degrees

) OPS (mm) AR (µm)

20 - 32 years
AVG 2.70 65.2 3.64 128
SD 0.531 11.3 0.577 42.8

33 - 45 years
AVG 2.62 63.1 3.54 134
SD 0.473 9.9 0.556 35.3

46 - 57 years
AVG 2.59 61.5 3.41 143
SD 0.527 10.9 0.538 39.8

58 - 70 years
AVG 2.41 57.5 3.24 157
SD 0.420 9.08 0.455 36.4

Table 4.2: Optimal pupil sizes (OPS) for best axial resolution (AR) and area under the
Hopkins ratio (AHR) averaged across subjects in each age group. The subject numbers for
the four age groups, 20-32, 33-45, 46-57 and 58-70 are 588, 416, 172 and 43, respectively.
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4.3.4 Optimal pupil size as a function of HO wavefront error and
age across individuals

A regression of optimal pupil size across individuals as a function of their HO RMS
wavefront error at 5 mm and age gave an exponential fit with R2 = 0.754 presented in
Figure 4.13. This was a good fit which statistically indicated that 75.4% of variability
in optimal pupil size is explained by HO RMS wavefront error and the product of age
with HO RMS wavefront error. An age factor alone was not statistically significant and
not a determining factor for optimal pupil size. In addition, the Spearman’s correlation
coefficient (Rs = −0.85), a statistical measure of the strength of a monotonic relationship
between two data sets, indicated a strong correlation between optimal pupil size and HO
wavefront error. The Spearman’s correlation coefficient of optimal pupil size and age
(Rs = −0.17) indicated a weak correlation. Therefore, based on the results presented in
Figure 4.13 HO RMS wavefront error is a good predictor of optimal pupil size for best
lateral resolution. Although it is not illustrated here, it was found that on average optimal
pupil sizes of the older age group were lower than the optimal pupil sizes for other age
groups, which is consistent with aberrations being larger in older adults. A regression
between optimal pupil size for best lateral resolution and best lateral resolution from the
50% EE is presented in Figure 4.14. Based on this data set, 88.7% of variability of lateral
resolution R2 = 0.754 was explained by the optimal pupil size for best lateral resolution.

Figure 4.13: Exponential regression fit of optimal pupil size as a function of HO wavefront
error and age (n = 1219, p < 0.05)
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Figure 4.14: Optimal pupil for best lateral resolution as a function of encircled energy (EE)
(n = 1219, p < 0.001)

4.3.5 Optimal pinhole sizes for improved resolution

In the model of a perfect diffraction-limited eye, when the confocal pinhole decreased
in size, resolution on the retina improved while throughput decreased and would plateau
at pinhole sizes half the PSF diameter . However, using the optimal pupil sizes determined
in Section 3.3.3, pinhole sizes smaller than 1.5 TDL resulted in low throughput values.
Low throughput corresponds to low signal to noise ratio (SNR), causing degradation in
resolution for pinhole sizes smaller than 1.5 TDL.

Figure 4.15: Average resolution and throughput for varying TDLs for subjects 58-70 years
old. [Left] Average lateral resolution for participants with an optimal pupil size of 2.75
mm as a function of pinhole size. [Right] Average axial resolution for participants with an
optimal pupil size of 3.25 mm as a function of pinhole size.
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It was determined that the optimal pinhole size ranges between 1.5-2.5 TDL when
using optimal pupil sizes determined from Figure 4.15. This result was consisted for all
age groups. Results of the older age group, using optimal pupil sizes, for best lateral and
best axial resolution are illustrated in Figure 4.15. Equivalent results for younger adults
are in Apendix A. Lastly, it was determined that there was no age dependence of optimal
pinhole size when using the optimal pupil size for each age group.

4.4 Discussion

Average optical performance progressively declines with age in the human eye [81, 82].
In this study, I confirmed that average HO RMS wavefront error, based on 1219 subjects,
increased as a function of age. Despite the high variability among subjects, there was
a statistically significant relationship between HO RMS wavefront error and age. This
finding is consistent with the published works by several research groups, which document
an increase of monochromatic ocular wavefront aberrations as a function of age and the
presence of high variability among subjects [4, 40, 71, 73, 81, 82, 121, 150, 173].

Curves of average lateral resolution, area under the Hopkins ratio and axial resolution
as a function of pupil size were presented, which demonstrated the effect of both diffraction
and wavefront aberrations on optical image quality. Consistent with literature [9, 43, 62,
146], all curves had a turning point at the optimal pupil size. These curves were also
plotted for each age group demonstrating that for each age group there is a different
average optimal pupil size. Older adults displayed a more rapid decline in image quality
than younger subjects as pupil size increased. The values of optimal pupil size for each
image quality metric were presented in Section 4.3.3. Average optimal pupil sizes for
best lateral resolution, area under the Hopkins ratio and axial resolution were significantly
smaller in older adults, consistent with aberrations increasing in older adults [4, 121]. This
suggests that the design of imaging systems to be used with older eyes should differ from
those used with younger eyes.

Each image quality metric can be used for a different purpose. The EE metric can
estimate lateral resolution well and it is 7% different from the theoretical lateral resolution
or the resolution determined by the cutoff frequency, in the diffraction-limit. Overall, it
is a reliable image quality metric and can account for the asymmetry in aberrated PSFs.
While the cutoff frequency is another reliable method used to access lateral resolution, in
this study it was found particularly difficult to identify reliably the cutoff frequency due
to contrast reversal. Thus, in this study it was not used to identify optimal pupil sizes.
The area under the HR is a global measure of image quality that reports on the image
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quality for all spatial frequencies. Here, it provides optimal pupil sizes close to those for
best EE. Although high depth sectioning is not possible with SLO and cSLO systems that
are used with the eye without adaptive optics correction, the axial resolution gives insight
onto optimal pupil size that could provide at least some optical sectioning through the
retina. The method of calculating axial resolution in this study gave a 10% difference from
axial resolution determined by theoretical equations, in the diffraction limit.

In addition, the optimal pupil values for best lateral and axial resolution are consistent
with preceding work on optimal pupil size, considering that the sample size used in those
studies was significantly smaller [43, 62]. Although the 16 subjects studied by Donnely and
Roorda were young (20-35 years old), their reported HOAs were higher, resembling those
of older adults in the study presented in this chapter [62]. While the standard deviation
in both studies is high, the variability presented in this study is significantly less than the
variability presented in the work by Donnelly and Roorda. It is likely that this result is
due to the larger sample size used in the present study. Further, it is very likely that high
variability of optimal pupil size stems from the high variably of HO wavefront error among
subjects.

Furthermore, it was determined that optimal pinhole size ranges between 1.5-2.5 TDL
when using optimal pupil sizes and there was no age dependence. Since it was determined
that there is a linear realtionship between best TDL and entrance pupil size, larger TDL
values should be used when using larger entrance pupils, outside the range of optimal sizes.
This is consistent with ocular aberrations increasing for larger pupils [9, 146]. The optimal
pinhole sizes suggested in this study are similar in compared to those used by Izatts group
[107]. However, Izatts group obtained results in an experimental setting using different
image quality metrics and a different optical resolution target. One difference is that since
scattering is not considered in this study, throughput is higher than what one might expect
in an experimental setting as observed in Izzat’s results when comparing throughput values
as a function of pinhole size [107]. In addition, Izatt used sharpness to determine image
quality. Sharpness was defined as “the ratio of the L2 norm of the high-passed image region
and the L2 norm of the low-pass image region” [107]. In Izatt’s study, photoreceptors were
imaged at an eccentricity of 4.2 degrees. Since the cone spacing varies with eccentricities,
it was feasible to image cones further from the fovea as described by Merino[123] and
Curcio et al.[57]. Therefore, Izatt was targeting lower spatial frequencies corresponding to
9.7µm resolution [57, 107, 123] in comparison to this study where the optimal resolutions
presented in tables 4.1 and 4.2 were the target. Furthermore, Izzat’s work used a constant
entrance pupil of 2.5 mm for a single subject [107]. In spite of the differences between
Izatt’s study and the one reported here, the recommendations for optimal confocal pinhole
sizes in terms of TDL are similar. However, the recommendations are a function of the
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pupil sizes used and these differ in the two studies, leading to different absolute pinhole
sizes.

The results presented in this study were documented based on a large data set (n =
1219), providing age dependence and obtained in a theoretical setting, making this study
unique from others. It was determined that selecting a pupil size specific to an age group
could significantly improve the optical quality. Figures 4.9, 4.10, 4.11 and 4.12 could assist
with optimized instrumentation design in order to maximize image quality on the retina
and subsequently improve image quality of the retinal images.

In section 4.3.4, it is shown that HO RMS wavefront error is a good predictor of optimal
pupil size. In the presence of instrumentation that can identify the RMS wavefront error
of an individual, figures 4.13 provide the ability to determine an optimal entrance pupil as
described in Section 4.3.3. Alternatively, if one has no way to determine the individualized
RMS wavefront error, using the graphs of image quality as a function of pupil size from the
previous section could determine the best pupil size. Using optimal pupil size in the design
of SLO instrumentation, would be a good way to obtain high resolution retinal imaging
even without the use of adaptive optics as previously attempted in [107].
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Chapter 5

Optimization of confocal scanning
polarimeter design considering the
double-pass retinal reflection

5.1 Introduction

In-vivo imaging of the human retina is a unique optical process because the retina is not
directly accessible, so imaging must be done in a conjugate plane outside the eye. The image
obtained at this optically conjugate plane stems from the double-pass reflection, in which
light enters the eye, scatters from within the retina, and then exits the eye. Therefore, the
resulting image is one reflection, which happens after the light travels twice through the
ocular optics [12, 14, 149]. Modalities for imaging the human retina using the double-pass
reflection have been developed for many years [14, 107, 149, 177, 178, 181]. Conventional
direct and indirect opthalmoscopes have been used extensively because they are simple
[166]. However, direct opthalmoscopes have poor image quality and small fields of view
[166, 177]. With conventional fundus cameras, the illuminating beam passes through the
periphery of the pupil and the reflected light is detected through the center of the pupil,
achieving a larger field of view (FOV) than the direct or indirect opthalmoscope setups
[59, 134]. One of the most significant shortcomings of conventional fundus photography
is that imaging is uncomfortable for the subject since high intensity light levels are used
and an invasive agent is utilized to dilate the eye pupil [22, 116, 117, 181, 185]. A major
advancement in ophthalmoscopy was the invention of the scanning laser opthalmoscope
(SLO), first presented by Webb [177]. The SLO uses a monochromatic illumination source
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and a scanning unit, enabling improved contrast and optical quality in retinal images. In
the SLO, a fundus image is generated by a beam raster scanned onto the retina. The
reflected light is then recorded by a detector. The entrance and exit pupils are inverted so
that a narrower laser beam is focused to a compact point on the retina, and the reflected
light that passes through the large exit pupil is detected. This setup permits lower intensity
illumination, which results in better comfort for the patient [177]. A later development,
the confocal scanning laser opthalmoscope (cSLO), uses a confocal aperture prior to the
detector, which is usually optically conjugate to the illumination spot on the retina [178].
The cSLO further reduces out of focus scattering in the image plane by blocking light
scattered from planes and points other than the illumination spot [107, 177, 178, 181]. In
retinal imaging, as the diameter of the confocal aperture is reduced, the depth of focus of
the imaged layer is improved at the expense of detected intensity [107, 178, 181].

In this chapter, I present two ways to modify the MM confocal scanning polarimeter
presented in Chapter 3 in order to improve lateral resolution when targeting amyloid-β de-
posits on the retina. Since the confocal scanning polarimeter is designed as an Alzheimer’s
disease (AD) diagnostic tool that will be used in older adults, the optical system is further
optimized for the older population using findings presented in Chapter 4 and extended in
this chapter. I first present an optimized small entrance pupil cSLO design and derive
the double-pass expression that describes resolution. I then present an optimized large
exit pupil cSLO design and derive the double-pass expression. The derivations presented
in this chapter are based on the mathematics of the double-pass reflection previously de-
scribed by Roorda and Artal [14, 149]. Lastly, I present the optical designs for both retinal
instruments and evaluate image quality using Code V.

5.1.1 The Double-pass reflection

The double-pass reflection has been widely used to determine retinal image quality
in the human eye [12, 14, 43, 146, 149]. The double-pass point spread function (PSF)
described by Roorda et al. and Artal et al. [14, 149] is presented in this section. A PSF
is defined as the response of an imaging system to a point source. The image or amplitute
response of an imaging system can be expressed using the Superposition integral, described
by Roorda and is given by the convolution of the PSF with the ideal image predicted by
geometrical optics [149]:

Ui(xi, yi, zi) =

� ∞

−∞
e−ikzoh(

xi
m

+ xo,
yi
m

+ yo,
zi
m2

+ zo)Ug(xo, yo, zo)dxodyodzo (5.1)
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where z is the distance along the optical axis, h is the PSF, Ug is the ideal image predicted
by geometrical optics, m is the magnification difference between the object and image
planes and Ui is the actual image. Object and image coordinates are xo, yo, zo and xi, yi, zi,
respectively. Because the optical system of the eye is linear, the superposition integral can
be used, representing the object as a superposition of many images from an array of point
sources [149].

The spatial coordinates in the object plane x, y, z, in the retina plane x′, y′, z′ and in
the plane outside the eye x′′, y′′, z′′ are used to mathematically describe the PSF. The
amplitude response of an imaging system is given by the superposition integral, where U2

defines the retinal image of an object Uobj, and hin is the single-pass PSF through the eye’s
optics [149].
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The superposition integral in Equation 5.2 is equivalent to the convolution of the PSF
with the imaged object [149]. Using the assumption that the object is an infinitely small
illumination spot, Uobj can be represented as a delta function, Uobj(x, y, z) = δ(x, y, z) . U2

is then defined as:
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Equation 5.3 is then further reduced to Equation 5.4, which indicates that the PSF is
projected onto the retina in the first-pass.

U2(x
′, y′, z′) = hin(x′, y′, z′) (5.4)

In the double-pass reflection, the PSF projected onto the retina in the first-pass, scatters
and becomes the source for the second-pass, defined as Ur. The superposition integral is
used to predict the amplitude in the image plane outside the eye using Ur as the source
[149]. The retina reflectance function is represented with R(x′, y′, z′).

Ur(x
′, y′, z′) = R(x′, y′, z′) · hin(x′, y′, z′) (5.5)

Equation 5.5 defines the source in the second-pass which is described by the input PSF
multiplied by the complex retinal reflectance function R(x′, y′, z′).

U3(x
′′, y′′, z′′) =

� ∞

−∞
e−ikzUr(x

′, y′, z′) ·hout(x′′+mx′, y′′+my′, z′′+m2z′)dx′dy′dz′ (5.6)
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By substituting Equation 5.5 into 5.6, the double-pass PSF is expressed as:

U3(x
′′, y′′, z′′) =

� ∞

−∞
e−ikzR(x′, y′, z′)·hin(x′, y′, z′)·hout(x′′+mx′, y′′+my′, z′′+m2z′)dx′dy′dz′

(5.7)
The total intensity in the image plane is the square of the magnitude of the amplitude
U3, described in Equation 5.8 . Using the assumption that the retinal surface is a single,
diffuse-scattering layer at the ideal image plane, then the retinal reflectance function can
be written as R(x′, y′)δ(z′) and the equation reduces to [14, 149]:

I3(x
′′, y′′) =

∣∣∣∣� hin(x′, y′)R(x′, y′)hout(x
′′ +mx′, y′′ +my′)dx′dy′

∣∣∣∣2 (5.8)

In the cSLO, a detector is used to measure the intensity transmitted through the confocal
aperture. In this way the double-pass PSF with a confocal aperture is defined by [149]:

ISLO(x′′, y′′) =

∣∣∣∣� hin(x′, y′)R(x′, y′)hout(x
′′ +mx′, y′′ +my′)D(x′′, y′′)dx′dy′

∣∣∣∣2 (5.9)

Equation 5.9 determines the intensity for a single pixel as the reflected light is detected
through a confocal pinhole D(x′, y′). For a scanning system, the position of the illuminated
spot for a single scan position in retinal space is denoted as (x′′s , y

′′
s ). To simplify this

expression, Roorda presents Equation 5.9 using a convolution. For a scanning beam with
a confocal aperture, the intensity per scan position or pixel is shown in Equation 5.10.
Convolution is symbolized using ~.

ISLO =

∣∣∣∣� hin(x′′, y′′) ·R(x′′, y′′) · [hout(x′′, y′′) ~D(x′′, y′′)]dx′′dy′′
∣∣∣∣2 (5.10)

Finally, Equation 5.11 described the intensity of a scanning beam at each point during the
scan. Thus, the intensity at each position of the scanning spot is the convolution of the
square of the PSF with the complex retinal reflectance function.

ISLO(x′′s , y
′′
s ) =

∣∣[hin(x′′s , y
′′
s )] · [hout(x′′s , y′′s ) ~D(x′′, y′′)] ~R(x′′s , y

′′
s ))
∣∣2 (5.11)

5.1.2 Optical resolution characterization using the double-pass
reflection

Roorda in his work characterized image quality and discussed implications of the double-
pass PSF for three imaging techniques including the conventional fundus imaging, non-
confocal SLO and cSLO [149]. In this section, I present Roorda’s findings which will be
used as a reference and comparison to the derivations presented in the results section.
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Conventional fundus photography

In conventional fundus photography, a large area of the fundus is illuminated in the
first-pass. With a large source conjugate with the retina, the retinal illumination is a
convolution of the large source with the first-pass PSF. Since the area of the source is
much greater than the first-pass PSF, the illumination will be uniform on the retina [149].
Therefore, the input PSF, hin, can be represented by a constant C1 in Equation 5.12 [149].

Ur(x
′, y′) = C1 ·R(x′, y′) (5.12)

Using the superposition integral the double-pass reflection in conventional fundus photog-
raphy is described by Equation 5.13.

UFundus Imaging(x
′′, y′′) = C1

� ∞

−∞
R(x′, y′) · hout(x′′ +

x′

m
, y′′ +

y′

m
)dx′dy′ (5.13)

The image intensity in fundus photography is described by a convolution of the second-
pass PSF with the complex retinal reflectance function, presented in Equation 5.13. The
constant C1 is dropped since it is only a scaling factor.

IFundus Imaging =

∣∣∣∣hout(x′′m,
y′′

m
) ~R(

x′′

m
,
y′′

m
)

∣∣∣∣2 (5.14)

Equation 5.14 describes that fundus imaging is affected by the single-pass for light leaving
the eye in the second-pass. Therefore, image quality is determined by the pupil in the
second-pass (exit pupil) and is independent of the pupil size on the first-pass.

Non-confocal SLO

The non-confocal SLO setup can be derived by assuming a large detector area. A large
detector area is realized by modeling the large detector as a constant. Using Equation 5.11,
the convolution of hout and D can be approximated as a constant. In the large detector
limit, the intensity of the image is described as [149]:

ISLO(x′′s , y
′′
s ) =

∣∣[hin(x′′s , y
′′
s )] ~R(x′′s , y

′′
s ))
∣∣2 (5.15)

Therefore, in the non-confocal SLO image quality is primarily influenced by the first-pass
PSF. In order to maximize the collected light, the exit pupil can be increased without
resolution loss due to an increase in aberrations [149, 177].
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Confocal SLO

The intensity per scan position is shown in equation 5.11. In the limit where the confocal
pinhole in infinitely small, D(x′′, y′′) is represented as a delta function and Equation 5.11
reduces to [149]:

IcSLO(x′′s , y
′′
s ) =

∣∣[hin(x′′s , y
′′
s ) · hout(x′′s , y′′s )] ~R(x′′s , y

′′
s ))
∣∣2 (5.16)

In addition, the complex reflectance function can be represented as a delta function, where
the imaged feature is an isolated point scatter at the cetner of the FOV, and the equation
reduces to:

IcSLO(x′′s , y
′′
s ) =

∣∣[hin(x′′s , y
′′
s )][hout(x

′′
s , y
′′
s )]
∣∣2 (5.17)

Equation 5.17 indicates that the cSLO is influenced by the ocular optics in the first and
second passes. The lateral resolution advantage of the confocal ophthalmoscope over con-
ventional fundus imaging is shown in equation 5.17. As Roorda explained, the PSF of the
confocal ophthalmoscope is the square of the single pass PSF when the input and output
PSFs are the same as indicated by Equation 5.18. For a diffraction-limited system, the
cSLO has a PSF whose FWHM is 1.4 times narrower than the single pass PSF [149, 156].

ICSLO(x′′s , y
′′
s ) =

∣∣[hin(x′′s , y
′′
s )]2
∣∣2 (5.18)

5.1.3 Optical resolution target for imaging amyloid-β deposits in
older adults

The confocal scanning polarimeter, presented in Chapter 3, is intended to be used as
a diagnostic tool that identifies biomarkers of Alzheimer’s disease, which are amyloid-β
deposits. Amyloid-β deposits are conveniently present in the neural retina [47] and are the
optical target of the confocal scanning polarimeter.

Based on cumulative histograms of proportion of ex-vivo deposits as a function of
major and minor axis generated by members of Campbell labs, a target resolution of
approximately 10 µm was selected, enabling detection of nearly all deposits. Using optimal
pupil sizes for older adults, presented in Chapter 4 and extended to an imaging wavelength
of 830 nm, which is presented in the next section, it is possible to accomplish a 10 µm
optical resolution in the older eye. Similar to optical resolution, the FOV, which is also
limited by the ocular optics, is another important design constraint for developing a reliable
AD diagnostic tool. Members of Campbell labs have studied the distribution and size of
deposits in ex-vivo flatmounted retinas. It was initially found that the retina amyloid-β
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deposits were more dense in the center of FOV but it was then confirmed that the density
of deposits is almost uniform across the retina [47]. The FOV of the confocal scanning
polarimeter, presented in Chapter 3, is 100 and 65 degrees defined from the center of the eye,
and from the posterior nodal point, respectively. A 100 degree FOV that was defined from
the center of the eye was proven on ex-vivo tissue to be sufficient in identifying amyloid-β
deposits and determining AD severity [47]. In conclusion, previous work conducted in
Campbell labs identified that it is not necessary to image deposits in the far periphery of
the retina enabling a simplified design of the live-eye diagnostic instrument. Further, it
was determined that enough amyloid-β deposits are large enough to be resolved in-vivo
and used as a diagnostic without the use of adaptive optics [47].

5.2 Methods

Two optimized confocal scanning polarimeter setups were designed in Code V to achieve
the desired optical resolution. Additional design requirements were to maintain the sys-
tem diffraction limited, the large FOV and a compact system. The two optimized MM
polarimeter setups designed and presented use a small entrance beam and a conventional
large exit beam SLO with an optimal exit pupil and an optimal entrance pupil, respec-
tively. In addition, image quality was characterized and implications of the double-pass
PSF for these setups is discussed. The double-pass formulation presented by Roorda and
Artal was used as a benchmark [14, 149].

Furthermore, to maximize lateral resolution on the retina, the optimal pupil size for
best lateral resolution in older adults was implemented. Since Zernike polynomial coeffi-
cients are wavelength specific as described by Salmon et al. [150], the optimal pupil size
identified in Chapter 4 had to be re-evaluated for an 830 nm imaging wavelength, and is
presented in Section 5.3.1. The wavelength dependence of Zernike polynomial coefficients
(in microns) have been identified by various authors as being either relatively constant
or slightly increasing with wavelength [17, 70, 118, 151, 165]. In addition, the chromatic
aberration of the eye was further determined to not have an age dependence [89, 175].
The chromatic correction described by Salmon et al. in the COAS Shack-Hartmann Aber-
rometer was used to convert the older eye Zernike coefficients from 550 nm to 830 nm.
The correction is described as follows where λcmn is the Zernike coefficient at a specific
wavelength [151]:

830cmn = (
n830 − 1

n550 − 1
)550cmn (5.19)

Thibos et al. identified experimentally the chromatic difference, nλ, of refraction as a
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function of wavelength [165]. Using these findings Thibos et al. derived an equation that
predicted the dispersion and monochromatic aberrations of an improved reduced model
eye using water as the medium and an aspherical refracting surface [165]. nλ at a given
wavelength, λ was defined in [165] as nλ = 1.320535− 4.685

λ−214.102 as described by Salmon et

al. in [151]. Thus, the chromatic correction is calculated to be very small, n830−1
n550−1 = 1.0207,

giving a nearly constant trend, consistent with other previous findings [17, 70, 118]. By
using this chromatic correction for the Zernike coefficients in older adults, a new optimal
pupil size for best lateral resolution was identified at the imaging wavelength of the donated
SLO at 830 nm, using analysis presented in Chapter 4. Additional work on chromatic
aberrations, has identified other methods to calculate the index of refraction of ocular
structures as a function of wavelength [17]. However, these methods will be studied as a
part of future extension of this work.

An optimal entrance pupil in the case of the conventional SLO setup and an optimal
exit pupil for the SLO with a small entrance pupil were determined, which are identified in
Section 5.3.1. Lastly, the optimal pinhole size, which is optically conjugate to the retina,
was introduced in both setups to reduce out of focus, back-scattering light. Image quality
analysis was carried out in Code V. The impact of the proposed instrument modifications
was identified by comparing the MTFs of the original and modified optical systems using
an individual eye with average monochromatic aberrations of older adults.

5.3 Results

The optimal pupil sizes of older adults for best lateral resolution at an imaging wave-
length of 830 nm are identified in Section 5.3.1. Two MM confocal scanning polarimeter
setups optimized to achieve high resolution imaging of retinal amyloid-β deposits in older
adults are presented in Sections 5.3.2 and 5.3.3.

5.3.1 Calculation of optimal pupil size for best lateral resolution
with wavelength in older adults

Zernike polynomial coefficients provided at 550 nm were converted to their correspond-
ing values at 830 nm, the imaging wavelength of the MM confocal scanning polarimeter,
using the chromatic correction explained by [151] and outlined in Section 5.2. Average
lateral resolution determined from encircled energy (EE) as a function of pupil size is pre-
sented in Figure 5.1 for the older adult population (λ = 830). In addition, the average
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Figure 5.1: Average lateral resolution based on encircled energy as a function of pupil size
in older adults, 58-70 years (n=43). Solid curves indicate the average resolution for each
pupil size. Shaded area is the standard deviation. Blue and red curves correspond to 550
nm and 830 nm imaging wavelengths, respectively.

lateral resolution determined in Chapter 4 (λ = 550) is presented on the same curve for
comparison. It is evident that in the absence of aberrations, the radius of 50% encircled en-
ergy and the PSF increase by the ratio of the two wavelengths, 830/550 = 1.509. However,
in the presence of aberrations, higher wavelengths do not introduce significant additional
aberrations than the ones presented at 550 nm. This stems from the fact that Zernike
coefficients (in microns) were found to either be constant or have an infinitesimally small
increase with wavelength [17, 70, 118, 165]. As a result of this finding, Zernike coefficients
(in waves) decrease with increasing wavelength and thus the effect of diffraction and aber-
rations in larger pupils is better balanced for higher wavelengths. Furthermore, the optimal
pupil size was found to shift towards larger values for a higher imaging wavelength. The
optimal pupil size for best lateral resolution obtained from the EE metric, in adults 58-70,
was found to be 3.13 mm ± 0.486 mm, providing a lateral resolution of 5.9µm ± 0.848
µm (λ = 830 nm). The lateral resolution determined by the average cutoff frequency at
a 3.13 mm pupil was determined to be 6.9µm. A higher wavelength was found to provide
better comfort during imaging and enables safer light exposure for the subject [112]. Thus,
this finding adds to these advantages by maintaining the same image quality in higher
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wavelengths in the presence of ocular aberrations at larger pupils.

5.3.2 Small entrance pupil SLO system

In traditional Maxwellian-view systems, a beam is focused onto the entrance pupil of
the eye, creating a large uniformly illuminated spot on the retina [179, 180]. In the original
SLO polarimeter setup, presented in Chapter 3, a narrow input beam was incident on the
eye and focused onto the retina, creating a large diffraction blur on the retina. Unlike
traditional fundus cameras or Maxwellian view systems, the original SLO polarimeter used
a scanning system to raster scan the large diffraction blur onto a large FOV. Figure 5.2
illustrates the PSF of the input beam on the retina for a single scan position. It is evident
that a single scan position illuminates several pixels. Thus, the optimized system design
presented in this section is called a small entrance pupil cSLO polarimeter.

The small entrance pupil cSLO polarimeter setup can be mathematically described by
using Equations 5.9 and 5.11, derived by Roorda [149]. If the first pass, illustrated in Figure
5.2, creates an approximately uniform illumination across the area of the PSF created on
the second pass, then hin can be replaced by a constant, C2, and Equation 5.9 reduces to
5.20.

ISLOsmall entrance pupil
(x′′, y′′) =

∣∣∣∣C2

�
R(x′, y′)hout(x

′′ +mx′, y′′ +my′)D(x′′, y′′)dx′dy′
∣∣∣∣2

(5.20)
Then the image quality will only be determined by the image quality of the PSF formed
in the second pass and by the confocal pinhole. By representing the complex reflectance
function as a delta function and by removing the constant, image intensity for each scan
position can be described by Equation 5.21

ISLOsmall entrance pupil
(x′′s , y

′′
s ) =

∣∣[hout(x′′s , y′′s ) ~D(x′′s , y
′′
s )]
∣∣2 (5.21)

Equation 5.21 describes the intensity for a single scan position detected through a confocal
pinhole at the detector plane. The image quality will only be determined by the image
quality of the PSF formed in the second pass convolved with the confocal pinhole.

To demonstrate this result, we use actual entrance and exit pupil sizes. The two PSFs
(ingoing small pupil and outgoing optimal pupil) were approximated by Gaussians of the
same half width as the actual PSFs. For this simulation, a PSF of a single older subject
with average HO RMS, as found in the older population, was used at 830 nms. Guassian
approximated the PSFs well except for the area shown by a dotted curve in Figure 5.3(b).
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Figure 5.2: PSF on the retina from the first-pass in a small entrance pupil cSLO. Generated
in Matlab.

To determine the effects of the two PSF’s without the effect of the pinhole, an infinitely
small detector was assumed. In this case the resulting PSF is the product of the two PSFs,
as describe in Equation 5.17, derived by Roorda [149]. The Gaussian resulting from the
0.6 mm entrance pupil beam (5.3(a)) is multiplied by the Gaussian resulting from a 3.0
mm exit pupil beam (5.3(b)) to give the PSF in 5.3(c)

Consistent with what one might expect when multiplying a significantly broader PSF
with a more compact PSF, the broad PSF contributes little to the final response. Therefore,
retinal image quality using a small entrance pupil in an SLO is primarily affected by the
light leaving the eye in the second-pass through the optimal exit pupil. This is analogous
to a fundus camera design in which the retina is uniformly illuminated and image quality
depends only on the second pass of light through the exit pupil.

The detector size, which appears in a convolution between the output PSF and detector
plays a role in image quality. If it is a confocal pinhole, similar in size to the outgoing
PSF, it will “trim” the PSF as discussed in Sections 3.7.4 and 4.2.3. For an intermediate
sized detector there would also be improvement in image contrast by removing wide-angle
scatter, which could be modeled by a broader, lower intensity Guassian added to the initial
Gaussian in Figure 5.3.
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Figure 5.3: Intensity response for a single scan position. The input PSF of a small entrance
beam (approximated by a Guassian) is multiplied by the output PSF of an optimally
sized beam, also approximated by a Gaussian. The dotted curves represent the region
of the outgoing PSF, not well modelled by the Gaussian. The product of the two PSF’s
approximates the double pass PSF as it leaves the eye, which is very similar to the single
pass PSF through the optimal pupil. This is because the ingoing PSF has almost constant
intensity over its central region. The dotted regions would be attenuated slightly more
than the central region. The simulated PSFs presented were generated in Matlab.

Optimized design of the MM confocal scanning polarimeter using a small en-
trance pupil SLO setup

The optimized MM confocal scanning polarimeter using a small entrance pupil SLO
setup is realized by introducing modifications in the return path, from the retina to the
detector, of the original SLO polarimeter, presented in Chapter 3. Parts of the instrument
will remain intact. The modified optical setup is illustrated in Figure 5.4. An 830 nm
fiber, the input illumination source, and a two step collimator are still used to collimate
the input beam. In the two step collimation, lens 2 (L2) is optically conjugate to the
entrance pupil. The polarization state generator (PSG) is placed in collimated space before
the beamsplitter (BS). The illumination and detection beam paths are separated by the
BS. The collimated beam is then directed towards the scanning unit. The scanning unit
consists of two galvanometric mirrors with a fast speed of 850 Hz and a max scan angle
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of 12.5 degrees. Then, the entrance beam is reflected off the hot mirror and directed to
the tube lens system. The unchanged tube lens consists of two custom-built lenses that
de-magnify the scanning beam by 2.6 times. The small collimated input beam incident on
the pupil (0.6 mm) creates a large diffraction blur on the retina as illustrated in figure 5.2.
Reflected light from the retina is directed and descanned through the tube lens system.
The return beam is refracted through the BS and is incident on the polarization state
analyser (PSA). The exit pupil is defined by the clear aperture of the collection lens. By
using a variable aperture in front of the collection lens, the exit pupil can be varied. A
variable aperture could be placed prior to the PSA as well. Finally, the collection lens

Figure 5.4: Schematic of the optimized MM confocal scanning polarimeter using a small
entrance pupil cSLO setup. Input illumination beam path (dark blue), pinhole detection
beam path (red), and fixation target beam path (light blue) are illustrated for the central
scan position at zero scan angle. Optical components: L-Lens; BS-Beam splitter; HM-
Hot mirror; SM-scanning mirror; Ph-Pinhole; P-Polarizer; λ/4-Quarter waveplate unit;
VA-Variable aperture

focuses the reflected beam to the confocal pinhole. The variable aperture is used to change
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the confocal pinhole size depending on the selection of exit pupil and collection lens.

Optimal entrance pupil and pinhole size for best lateral resolution were determined
in Chapter 4 and further characterized in this chapter. It was determined that a 3.13
mm entrance pupil gave the best lateral resolution in older adults for an 830 nm imaging
wavelength. When projecting the 3.13 mm exit pupil to a conjugate plane before the
collection lens the pupil becomes 8.14 mm due to the magnification of the tube lens system,
Mtube = 2.6. Therefore, the main proposed modifications of the SLO polarimeter included
changing the L7 lens and placing two aperture stops, one for the confocal pinhole conjugate
to the retina and one for regulating the exit pupil conjugate to the eye pupil. Modifications
were implemented in CodeV and the optical design is presented in figure B.1 in Appendix
B. The collection lens, L7, was selected to be a plano-convex lens (Edmund Optics 45487)
with a large enough diameter to avoid light being attenuated. The aperture right in front of
L7 was set to 8.14 mm. Using the pinhole analysis in Chapter 4 a TDL of 2.0 was selected.
Thus, the pinhole size is calculated by the product of TDL, magnification and Airy disk
diameter on the retina (Pinhole size = TDL ×Magnification × Airy disc diameter). The
pinhole size for a TDL of 2.0 was determined to be 101.1 µm, replacing the original pinhole
of 250 µm.

5.3.3 Conventional large exit pupil SLO system

Image quality in cSLOs is determined by both the first and second-pass PSFs as demon-
strated in equation 5.17 by the convolution of first and second pass PSFs [149]. While using
the same optimal entrance and exit pupil size would result in an optimal image quality in
the absence of aberrations, this setup significantly reduces the amount of light reaching
the detector and degrades image quality in the presence of aberrations. Therefore, it is
common to use a larger exit pupil to obtain as much light as possible and an optimally
sized entrance pupil [107]. The cSLO polarimeter setup presented in this section uses an
optimally sized entrance pupil and the full exit pupil for the return beam. In addition,
common to other cSLO setups, the confocal pinhole only accepts light that originates from
a small part of the retina, which overlaps with the illumination spot, reducing the amount
of scattered light [107, 178].

Image quality dependence in the SLO system with an optimal input pupil and a large
exit pupil was quantified using the assumption that the PSF on the retina, caused by
a large exit pupil, was nearly uniform due to the presence of high aberrations. When
replacing hout(x

′
s, y
′
s) with a constant, the convolution with the detector (D(x”,y”)) also

became a constant, removing the effect of the detector, which is demonstrated in Equation
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5.22. This equation is equivalent to the non-confocal SLO.

ISLOlarge exit pupil
(x′′s , y

′′
s ) =

∣∣[hin(x′s, y
′
s)] ~R(x′s, y

′
s)
∣∣2 (5.22)

However, experimental work like that of Izatt and Webb has demonstrated that the confocal
pinhole or detector size does play an important role in the case where a smaller input pupil
is used and collection through the whole pupil is conducted [107, 178]. An alternative way
to mathematically investigate this relationship was undertaken by taking the convolution
of an almost uniform second-pass PSF with the detector at different sizes, using Matlab. A
Gaussian function was used to model the second-pass PSF and a rectangular function was
used to model the detector. Both functions were normalized and convolved as illustrated
in figure 5.5. This simulation indicated that even in the case when the second-pass PSF is
taken to be nearly a constant, the detector size does affect the convolution. In addition,
I then multiplied the convolution function with a Gaussian, which modeled the first-pass
PSF, and squared the expression, obtaining a simulated double-pass image of a point
source. As figure 5.6 suggests, the confocal pinhole plays a non-negligible role in the
double-pass PSF.

Figure 5.5: Improved net image quality with the smaller pinhole detector. Simulation of
the second-pass by convolving the second-pass PSF and a narrower detector. The second-
pass PSF due to a large exit pupil is simulated with a broad Gaussian function. The
pinhole detector is simulated as a rectangular function. Both the Gaussian and rectangular
functions were normalized. [Left] Simulation of the second-pass using a larger detector
[Right] Simulation of the second-pass using a smaller detector. The smaller pinhole detector
gives improved image quality.
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Figure 5.6: Simulation of the double-pass PSF as described in Equation 5.17. Convolution
of the second-pass PSF and the pinhole detector, for two detector sizes presented in Figure
5.5, is used in this simulation. The first-pass PSF was modeled as a Gaussian for an
optimal pupil size. [Left] Simulation of the double-pass PSF with a larger detector [Right]
Simulation of the double-pass PSF with a smaller detector. The simulated results presented
were generated in Matlab.

The image intensity of the SLO setup was represented by Equation 5.23 for each position
of the illumination on the retinal space (x′s, y

′
s). Using the results of the simulation, the

second-pass PSF was expressed as hout = C3(D(x′′s , y
′′
s )) and the double-pass PSF was

expressed as:

ISLOlarge exit pupil
(x′′s , y

′′
s ) =

∣∣[hin(x′′s , y
′′
s ) ~R(x′′s , y

′′
s ))] · C3(D(x′′s , y

′′
s ))
∣∣2 (5.23)

Using the assumption that the feature of interest on the retina is an isolated point scatter
at (0,0) then the complex reflectance function, R(x′s, y

′
s), can be represented as a delta

function resulting in Equation 5.24.

ISLOlarge exit pupil
(x′′s , y

′′
s ) =

∣∣hin(x′′s , y
′′
s ) · C3(D(x′′s , y

′′
s ))
∣∣2 (5.24)

In conclusion, Figure 5.6 suggests that the confocal pinhole size plays a central role in
the intensity of the image, further confirming Equation 5.24. This result is consistent with
experimental work using this setup [107, 178]. Webb’s and Izatt’s cSLO setup, with a large
exit pupil and smaller entrance pupil, experimentally indicated that optical resolution was
determined by the focus of the incident beam on the retina and improved contrast was
accomplished using a confocal aperture [107, 178]. While in both studies this result was
indicated by experimental results, it was not mathematically proven. In this section, I
demonstrated that the SLO behaves like a single-pass system when an optimally sized
entrance pupil is used in the first-pass and a large pupil is used in the second-pass. In
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addition, an optimally sized pinhole provided further improvement by trimming the PSF
and improving contrast. Previously Webb and Roorda had shown an improvement in
contrast for a system that used a mid-sized pupil on the first pass and a full pupil on the
second pass. Here, I have shown that a large exit pupil does not degrade image quality
and an optimal entrance pupil producing the best image quality on the retina can further
improve the quality of the fundus image taken. Then, a confocal pinhole can be used in the
place of the large detector, causing an additional effect for further improving resolution.

Optimized design of the MM confocal scanning polarimeter using an SLO setup
with a large exit pupil

The optimized MM confocal scanning polarimeter using a cSLO setup with an optimal
entrance pupil and large exit pupil is realized by introducing modifications in the incoming
beam path, from the illumination source to the retina, of the original SLO polarimeter,
presented in Chapter 3. The optical setup is illustrated in figure 5.7. An 830 nm fiber
was used as an input illumination source. A two step collimator was used to collimate the
input beam. Following the collimation, a beam expander is used to magnify the beam.
Lens 4 (L4) is optically conjugate to the entrance pupil. Since the entrance beam diameter
in the original SLO polarimeter was 0.6, the beam expander must introduce magnification
of M=5.22 to enable an entrance pupil size of 3.13 mm. The entrance pupil is defined by
the clear aperture of the second collimating lens L2. By using a variable aperture in front
of L2, the entrance pupil can be varied. The variable aperture can also be placed after
L4, which is another pupil conjugate. The polarization state generator (PSG) is placed in
collimated space before the beamsplitter (BS). The PSG could also be placed before the
beam expander. The illumination and detection beam paths were separated by the BS.
The collimated and magnified beam is then directed towards the scanning unit. Then, the
entrance beam is reflected off the hot mirror set at 45 degrees and directed to the tube lens
system. The tube lens consists of two custom built lenses that de-magnify the scanning
beam by 2.6 times. The collimated beam was then incident on the eye pupil, creating a
compact diffraction blur on the retina. Reflected light from the retina was directed and
descanned through the tube lens system. The return beam is refracted on the BS and is
incident on the polarization state analyser (PSA). The exit pupil is defined by the clear
aperture of the collection lens. Since the exit beam in this optical setup is taken to be the
whole eye pupil, the clear aperture of L7 is chosen to be large enough to not attenuate any
light. Finally, the collection lens focuses the reflected beam to the confocal pinhole. The
variable aperture is used to change the confocal pinhole size depending on the selection of
exit pupil and collection lens.
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Figure 5.7: Schematic of the optimized MM confocal scanning polarimeter using a cSLO
setup. Input illumination beam path (dark blue), pinhole detection beam path (red), and
fixation target beam path (light blue) are illustrated for the central scan position at zero
scan angle. Optical components: L-Lens; BS-Beam splitter; HM-Hot mirror; SM-scanning
mirror; Ph-Pinhole; P-Polarizer; λ/4-Quarter waveplate unit; VA-Variable aperture

Optimal entrance pupil and pinhole size for best lateral resolution were determined
in Chapter 4 and further characterized in this chapter. It was determined that a 3.13
mm entrance pupil gave the best lateral resolution in older adults for an 830 nm imaging
wavelength. When projecting the 3.13 mm entrance pupil to the conjugate plane of L4, the
aperture becomes 8.14 mm. Due to the addition of a reverse telescope, the beam is further
demagnified, and so the variable aperture is set to 1.55 mm, enabling the entrance beam
to be 3.13 mm on the pupil plane. Using the pinhole analysis in Chapter 4 a TDL of 2 was
selected. The diffraction limited Airy disk diameter of a 3.13 mm entrance pupil is 5.4µm
on the retina. Therefore, the pinhole size is calculated by the product of magnification
between the retina and pinhole with the Airy disk on the retina (Pinhole size = TDL ×
Magnification×Airy disc diameter). The pinhole size was determined to be 101.1 µm for

98



this optical setup. Therefore, the main modifications of the cSLO polarimeter included
adding a reverse telescope using L3 and L4 and placing two aperture stops, one for the
confocal pinhole conjugate to the retina and one for regulating the entrance pupil conjugate
to the eye pupil. The L7 lens was also replaced with a larger one to capture all the light
exiting the eye pupil. Modifications were implemented in Code V and the optical design
is presented in figure B.1 in Appendix B.

5.3.4 Impact of modification on image quality

Image quality was assessed in CodeV and the modulation transfer function (MTF) on
the retina was generated for a diffraction limited eye in Figure 5.8. The MTF corresponds
to both the cSLO with a small entrance pupil with optimal exit pupil and the cSLO with
an optimal entrance pupil and a large exit pupil which demonstrate an improved image
quality from the original donated instrument MTF presented in Figure 5.9.

Figure 5.8: Modulation transfer function on the retina determined by the modified MM
polarimeter SLO using either a small entrance pupil with optimal exit pupil or an optimal
entrance pupil and a large exit pupil design with optimal confocal pinholes.

The improved image quality by using an optimal pupil size is also presented in Figure
5.9. The MTFs in Figure 5.9 correspond to a single 61 year old subject with average
monochromatic aberrations among the older subject group. The cutoff frequency of the
modified instrument MTF was determined to be 220 cycles/mm, which is significantly
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Figure 5.9: Modulation transfer function on the retina for the original (blue) and modified
(red) setup for a single older subject with average monochromatic aberration.

improved from the original setup. The area under the MTF of the modified design is
substantially larger than the original design even in the presence of ocular aberrations,
further indicating the improved image quality. An improvement in modulation at the
current pixel resolution limit at 60 cycles/mm is also evident.

5.4 Discussion

In this chapter, I showed that retinal image quality using a small entrance pupil in
a cSLO setup, is dominated by the quality of the beam of light leaving the eye in the
second-pass. In addition, the large exit pupil cSLO polarimeter setup using an optimally
sized entrance pupil was confirmed to be a single-pass system, influenced by the optical
quality of the ingoing beam. I have shown that the source of this effect can be either a
large detector or the large amount of blur from the single-pass through a large pupil. In
the latter case, I have further shown by derivation and modeling that the use of a confocal
pinhole will further improve the image quality as previously demonstrated by Izatt [107].
Further, for both design the scanning beam and confocal pinhole reduce the effects of scat-
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tered light and improve image quality, including optical resolution and contrast. The MM
confocal scanning polarimeter can use either design for optimized instrumentation to image
amyloid-β deposits in the retina of older adults. Both optical setups would theoretically
provide equivalent results with minimal modification in the beam path. Comparing the two
optical designs, the small entrance pupil cSLO with optimal exit pupil requires the least
modification from the original MM confocal scanning polarimeter presented in Chapter 3.
Lastly, the analysis of an optimal pupil size to be used in these setups was extended from
Chapter 4, and was identified for an 830 nm imaging wavelength. Lateral resolution for
optimal and larger pupils was found to remain relatively constant for a higher wavelength
(λ = 830nm) in comparison to 550 nm, providing additional advantages when using an
830 nm imaging wavelength.
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Chapter 6

Conclusion and future work

This thesis has proposed and presented a Mueller-Matrix (MM) confocal scanning laser
polarimeter that integrates polarization optics with a donated scanning laser opthalmo-
scope (SLO). The proposed design was then optimized to improve image quality when
imaging amyloid-β deposits in older adults. This work contributes to Campbell Lab’s
development of a prototype instrument for AD diagnosis.

Chapter 3, introduced the donated SLO and defined the design specifications. Since
the commercial market for ocular technologies is highly competitive, and modalities for
imaging the retina are constantly improving [26, 38, 142, 144, 169], it was important to
design a prototype that has attractive features such as the combination of a large field
of view and high lateral resolution. As competing technologies of AD diagnosis have
been developed, it was important to design a prototype instrument that overcomes some
of their shortcomings [103, 155, 189]. MM polarization imaging of amyloid-β deposits
as a diagnostic approach has the advantage of providing a label-free, non-invasive, and
potentially highly accessible diagnostic tool [45, 46, 58, 97, 145]. Other design specifications
included the implementation of a repeatable, accurate, and fast polarization modulation
method. Thus, a comparative analysis was carried out to identify the optimal polarization
modulation method among quarter waveplates (QWPLs), photoelastic and magnetoptic
modulators. The optimal method was deemed to be the rotating QWPL. This polarization
modulation unit was further modified to eliminate rotation related errors in the polarization
state generator and analyzer, a significant source of error in MM polarimetry [80, 108, 110,
168]. In addition, image quality analysis was conducted in Code V using a diffraction-
limited eye to evaluate instrument performance. The optical resolution, pinhole size, pixel
resolution, and fixation target were identified as the most important modifications needed
to satisfy the specified design requirements.
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Image quality in the MM scanning laser polarimeter is limited by the ocular optics.
Retinal image quality was found to reduce with age due to the increase of monochromatic
ocular wavefront aberrations in older adults [40, 73, 121, 150]. Although this finding has
been documented by other research groups, it was confirmed in the results presented in
Chapter 4. In addition, the chapter determined optimized conditions as a function of
age that provide improved image quality in the MM scanning laser polarimeter, taking
into account both diffraction through the eye pupil and aberrations in the ocular optics.
Individual eye models using Zernike polynomial coefficients of 1219 subjects, 20-70 years
old, were designed, and several image quality metrics as a function of pupil size were
assessed, such as the 50 % encircled energy (EE) as a lateral resolution measure. The
analysis in Chapter 4 confirmed that the relationship of pupil size and image quality reaches
a turning point that provides the optimal pupil size for best image quality, consistent with
literature [9, 43, 62, 146]. This turning point identifies the pupil size that provides the
best balance between diffraction through the pupil and aberrations. Plots of image quality
metrics as a function of pupil size were stratified by subject age: 20-32, 33-45, 46-57 and
58-70. Further, it was determined that selecting the pupil size specific to an age group
will significantly improve the optical quality of an image taken of the fundus through the
optics of the eye. The results presented were documented based on a large data set (n =
1219), providing age dependence and obtained in a theoretical setting, making this study
unique. These results have important implications for the design of the MM scanning laser
polarimeter as it can be optimized to the target resolution and age group subject to AD.
Plots presented in this thesis could assist with optimized instrumentation designs in order
to improve the quality of retinal images.

The wavelength dependence of lateral resolution as a function of pupil size in older
adults was investigated to identify possible changes for an 830 nm imaging wavelength. It
was determined that lateral resolution at 830 nm in the absence of aberration increases
with the ratio of the two wavelengths, 830/550 = 1.509. However, in the presence of
high aberrations, higher wavelengths do not introduce additional aberrations from those
present at an imaging wavelength of 550 nm. The optimal pupil size for older adults
(n=43), determined by 50 % EE, was found to be 3.13 mm ± 0.486 mm, providing a
lateral resolution of 5.9 µm ± 0.848 µm (λ = 830 nm). Thus, resolution is impacted
much less than 50 %, which is the impact of wavelength on resolution in the diffraction
limit. Considering that higher wavelengths have been found to provide better comfort
during imaging and enable lower light exposure, this finding adds to these advantages by
improving image quality in higher wavelengths in the presence of ocular aberrations.

Chapter 5, following the work of Artal and Roorda [12, 14, 149], described the setup
of two modified MM confocal scanning laser polarimeters. First, the SLO system with a
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small entrance pupil and an optimal exit pupil was shown to be a single-pass system that
is primarily influenced by the aberrations seen by light leaving the eye. The conventional
SLO, using an optimally sized entrance pupil and the entire exit pupil, was determined to
have resultant image quality which depended only on the image quality of the incoming
beam. Therefore, the suggested optimal pupil size for best image quality on the retina
and best pinhole size for resolution and throughput were implemented in designs for these
setups, making both designs optimized to image amyloid-β deposits in the retinas of older
adults, with higher optical resolution and greater image contrast.

Future work

The next major steps needed to extend the research presented in this thesis would be
to experimentally implement and test the polarization optics in the donated instrument.
To do so, the linear holder will have to be custom-made, and the QWPLs will need to be
placed in their assigned orientations. Further, the modifications presented in Chapter 5
should also be implemented to optimize the optical setup for imaging amyloid-β deposits
in older adults. The current pixel resolution should be improved by increasing the optical
magnification of the instrument or increasing the number of pixels sampled. Additional
information can be obtained by carrying out the following projects:

1. Testing the performance of the proposed MM polarimeter in older adults by directly
assessing the quality of the images acquired. For a group of older subjects, the quality
of images taken with the original instrument would be compared to the quality of the
images taken with the each of the novel designs implemented. Image quality can be
characterized by optical quality metrics used on the image described in [54, 91, 107].
Acutance was presented by Choong et al. in [54] and was implemented by Hunter
et al. in [91] as an objective method to quantify the clarity of the nerve fiber layer
[54, 91]. The SNR and Shannon entropy are additional image quality metrics that
can be used in this study [91]. In addition, image sharpness can be quantitatively
measured as done by LaRocca et al. in [107]. The experimental results can then
be compared with the improvements predicted in this thesis, and quantitative differ-
ences can be identified.

2. Identification of optimal fixation target for older adults: The eye is never still, even
during fixation and so ocular fixation eye movements possess a serious issue in SLO
systems [120]. Thus, the fixation target is another important design parameter that
needs to be optimized. There is evidence that shape, color, or eccentricity may in-
fluence the amplitude and direction of fixation eye movements [162]. Furthermore, it
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was suggested that a fixation target that looks like a combination of a bull’s eye and
cross hairs resulted in a lower microsaccade rate [162]. In addition, previous research
papers document that the fixation stability does not change with age and that older
observers focused on a fixation target have fixation eye movements similar to those of
younger observers [172]. However, since the investigation of the optimal fixation tar-
get is limited to a handful of published works, it would be useful to conduct a study
using a set of shapes to identify the optimal fixation target shape for older subjects
with or without AD. The fixation stability in older adults can also be determined
from this study [172].

3. Implementing optimal conditions for other age groups to test proposed designs for
improved performance in these populations: The optical quality is also degraded in
other populations with abnormal optics due to diseases like diabetes [41]. Thus, the
proposed designs can be tested for improved performance in these populations.
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Letter of copyright permissions

Figure 6.1: Permission from Dr. Salmon to used the Zernike polynomial coefficients, which
were provided by his lab, for the human eye models presented in Chapter 4
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Figure 6.2: Permission to reprint Figures 2.1 p.6, and 2.2 p.10.
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Figure 6.3: Permission to reprint/adapt Figures 3.4 p.25, 3.5 p.26, 3.7 p.29, 3.9 p.32, and
4.3 p.63.

108



Figure 6.4: Permission to reprint/adapt Figure 4.1 p.50.
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Appendix A

Supplementary to Chapter 4

A.1 Optimal pinhole size for improved image quality

Figure A.1: Average resolution and throughput for varying TDLs for subjects 20-32 years
old. [Left] Average best lateral resolution for those with an optimal entrance pupil size of
3.0 mm. [Right] Average best axial resolution for those with an optimal entrance pupil
size of 3.75 mm.
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Appendix B

Supplementary to Chapter 5

B.1 Optical Designs in CodeV

Figure B.1: Optical design in Code V [Left] Input illumination channel in the MM po-
larimeter using a large exit pupil cSLO design. [Right] Detection channel in the MM
polarimeter using a small entrance pupil cSLO design. Polarization optics, PSG and PSA,
are illustrated with red. Dimensions were modified for better visualization.
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