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Abstract

Dementia is a neurodegenerative condition that leads to loss of cognitive ability, typically
in older adults. Alzheimer’s disease (AD) is the most common cause of dementia and
affects millions of people worldwide. The prominence and impact of AD is expected to
intensify in the near future, especially in Canada, as the world’s population continues to
age. Current treatments for AD can delay symptoms, but there is no cure that has been
made available to the general population. Detection of AD has been at the forefront of the
medical sciences for decades but still involves expensive and inaccessible procedures.

Dr. Campbell’s group has shown that amyloid deposits, a hallmark of AD in the brain,
also occur in the retina, in quantities correlated with brain pathology. The optical ac-
cessibility of the retina makes it a strong candidate for future diagnostic methods. In
preparation for the implementation of a live-eye imaging device, our group has continued
to seek new means for extracting information related to said deposits that could be of
diagnostic interest. This thesis includes a description of the three-dimensional morpholog-
ical features of amyloid deposits found in the retina, with proposed explanations for said
features. Most deposits appear to be very flat, like sheets in the en face plane, and bear
little resemblance to the typical isotropic deposits found in the brain.

This thesis applied complexity and texture analysis to differentiate between key cat-
egories of amyloid deposits in human retinas. Texture analysis and polarization signals
were both different on average for deposits in different layers of the retina, deposits from
subjects with different likelihoods of AD, and deposits from subjects with AD from those
with other pathologies. Tests were performed to assess the resilience of these methods
to various resolutions (using both digital resampling and different magnifications in the
imaging apparatuses) and orientations. Further analysis considered deposit texture as a
function of depth in three-dimensional image volumes and found that texture appears to be
somewhat continuous, to an extent that may be useful for the live-eye imaging application.
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Hvecmin The smallest region size used in the Hölder exponent calculation

Hvecmax The greatest region size used in the Hölder exponent calculation
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Chapter 1

Introduction

1.1 Alzheimer’s Disease

As the most common form of dementia, Alzheimer’s disease (AD) is associated with loss
of cognitive ability and an overall reduced quality of life. In 2017, 261,914 people died of
dementia-related causes, 46% of which were AD-related [1]. AD is typically observed in
older adults, but the Alzheimer Society of Canada [2] estimates that there were approx-
imately 16000 Canadians younger than 65 living with AD in 2016 (based on results in
[3]). In spite of decades of research into AD, no cure is readily available to the general
population (though some pharmaceuticals are moving forward [4]). Models of the disease’s
impact, and existing statistics, suggest that the problem is becoming more widespread [5,
6], with this largely being due to an ageing population [6]. Treatments have only been
able to delay disease progression, or to deal with symptoms but not underlying causes of
AD [7, 8]. Early diagnosis of the disease may allow for treatments to have a more critical
impact [9].

Conclusive diagnosis currently can only be performed post mortem, and other clinical
techniques are either non-specific, or inaccessibly expensive. For instance, positron emission
tomography (PET) scans, which have shown some clinical success for detecting AD [10,
11], typically cost between 900 and 1400 USD [12]. The study in [10] further qualified
that the average cost per quality-adjusted life year1 was ¤21,888. To recover expenses
associated with scans, a study into the feasibility of PET in Canada [14] proposed that
costs of 2195 CAD per PET study would be needed to counter costs if there were 740

1This unit describes both a period of time and a presumed quality of life [13].
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new cases per year. The AD research by Dr. Campbell’s lab is primarily motivated by
the notion that noninvasive, inexpensive, accessible tools for detection of the early onset
of the disease could lead to improved success in pharmaceutical trials, earlier and better
treatments, and overall better quality of life.

1.2 Brain Pathology

AD is associated with the accumulation of several protein-laden deposits in the brain. This
research focuses on deposits containing amyloid, presumably amyloid-β, but neurofibrillary
tangles of tau protein are also associated with AD [15, 16]. Amyloid protein exists within
the cerebral spinal fluid of healthy adults and is one of the substances cleared from the
brain during sleep. One of the popular theories explaining amyloidosis of the brain is
known as the Sink Hypothesis, which suggests that amyloid crosses the blood brain barrier
by means of balance between the levels in the brain and the peripheral nervous system. If
the balance is disrupted, as the protein accumulates in the brain, the amyloid precursor
protein is cleaved in such a way that a portion forms fibrils, which form fibrillar bundles,
and larger macro structures known as plaques or deposits. Though precursors to amyloid
fibrils are believed to lead to cytotoxicity [17], the plaques are large enough that they can
be detected through several clinical methods. Currently, positron emission tomography
(PET) seems to be the most accurate method for measuring the density of amyloid plaques
within the brain. Unfortunately, PET scans cost thousands of dollars and are not highly
accessible due largely to equipment costs. Spinal taps can also detect changes in amyloid
levels, but these are invasive. Recently, a unique blood test was developed that could be
used to identify protein signals in the blood that are indicative of higher amyloid levels in
the brain, but in spite of its potential for being a low cost solution it too would require
taking blood and a series of analytic tests.

1.3 Amyloid Deposits in Animal Models

Both for diagnostic and pharmaceutical purposes, animal models of AD, and other neu-
rodegenerative conditions, have been critical. These models have allowed easier access to
brains affected by amyloidosis, and allow for the precise observation of plaque formation,
using methods that are not necessarily safe for human subjects. Many deposit morpholo-
gies have been identified by previous groups using such techniques. These morphologies
are also dependent on how the disease is modeled, whether it be a condition that mice
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Figure 1.1: A blood vessel burdened with amyloid in a mouse brain, with colour chan-
nels representing different structural forms of amyloid (yellow → less mature; blue →
more mature), included with permission of the researchers [21], courtesy of Sofie Nyström.
Previously distributed in [22].

inherently are susceptible to, or through genetic manipulations. A study involving inbred
mice that had been experimentally infected with scrapie [18] found that cerebral amy-
loid plaques fell into six different categories including amorphous, giant, and perivascular
plaques (figure 2.6), among others. Other research groups have stained vessel-associated
deposits in mice using techniques that stain different structural types of amyloid beta with
different labels. In an article describing their work [19, 20, 21], Nyström et al presented
a micrograph of an amyloid-laden blood vessel (figure 1.1). In the fluorescence signal as-
sociated with the less mature structure of amyloid (yellow), the edges of the deposit are
bright. The center of the deposit in the cross-section view seems to have a very weak signal,
though it is bright in the other fluorescence channel, associated with more mature amyloid
structures (blue). Deposit growth rates have previously been tracked in vivo in mice [23].
This work revealed the rapidity of deposit formation in the mouse model (using B6C3-
YFP and Tg2576 transgenic mice), on the scale of 24-48 hours. After initial formation,
the investigators found that microglial cells soon arrived to deal with the newly formed
deposits, but were not able to clear the new deposits away. The deposits analyzed in the
study do not change significantly in size past the initial 48-hour window surrounding their
formation, and the mean area was comparable between new plaques measured in vivo and
plaques measured post mortem afterwards for the same specimens. Contrarily, another
study found that amyloid β deposits in mice grew over a 25-week period [24], with new
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and existing deposits both growing radially at a rate equivalent to 1 µm per month. The
deposits tracked in [24] covered a range of sizes including those of the deposits in [23].
This dramatic difference might be due to differences in the strains of transgenic mice, and
the in the ages of the mice upon the commencement of the study. Furthermore, the first
group considered the cross-sectional area of deposits at specific layers repeatedly, whereas
the second study used volumetric data from each deposit to calculate the equivalent radii
(calculated by assuming spherical deposits). The latter of these studies found that larger
deposits grow more rapidly, supporting a radial growth model.

Understanding the speed with which deposits form and the conditions of the tissue in
which they form could be paramount for preventing their formation or disrupting early
deposits. Yet another study uncovered more precisely that there are several stages of
amyloid deposit growth [25]. Deposits form around so-called seeds and continue to grow and
become denser until the concentration of amyloid-β limits increases in density. Deposits
then proceed to grow with stable density, hence rapid change in volume, until reaching
some asymptotic saturation point. Though this does not necessarily mean that cerebral
amyloid and retinal amyloid accumulate in this same manner in human subjects, it still
has implications for the work described in chapter 2 of categorizing the deposits found in
human AD retinas, and theorizing possible reasons for particular morphologies.

There is a form of amyloidosis in the brain known as cerebral amyloid angiopathy
(CAA) in which deposits form in association with vasculature. Occasionally, these take
forms similar to the image shown in figure 2.12, with a pattern of bands. This pattern is
due to the disruption of smooth muscle cells. Consider figure 2.12, taken with permission
from Wolters Kluwer Health, Inc. [26]. This figure shows 2-photon images in which smooth
muscle matter is stained green with phalloidin-Alexa 488 and amyloid is stained blue with
methoxy-X04. As CAA progresses and the smooth muscle cells are disrupted, the amyloid
accumulates in a banded structured around the vasculature, with a visibly darker region
along the center axis.

1.4 Amyloid Deposits in the Human Brain

Studies involving human brain tissues have led to major conclusions pertaining to AD
pathogenesis based on amyloid deposits in different regions. Amyloid plaques in the human
brain have been reported as having isotropic structures in some cases, typically described
as diffuse, fibrillar, or dense-core [27, 28]. Diffuse plaques are effectively amorphous in
that there is no clear structure beyond the overall spherical “homogeneous” shape, fibrillar
plaques reportedly have a center and lines running out from the center like a star, and
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dense core plaques have a concentrated center and a diffusive cloud of amyloid forming a
sphere around the core. The percentage of deposits in each of these categories was found
to differ between different stages of AD [27], indicating structural changes that occur in
tandem with disease progression.

Some studies of deposit growth in the human brain have been performed. Such studies
are more difficult to perform than the analogous research described above for tracking
deposit growth in animal models. The average size of dense-core plaques does not appear
to correlate with clinical disease duration [29]. Other work in cognitively normal adults
revealed that the volume of plaques grew roughly 8.0 % per year, across a 2.5-year period,
in 17 of 21 individuals who initially had amyloid accumulation in the first test (using PET)
[30]. These results connect to the result that deposits presumably appear in the human
brain decades before symptoms occur.

CAA, which includes a variety of forms of vascular amyloidosis and other ways in
which amyloid affects cerebral blood flow, is connected to AD in that there is significant
coincidence of the two conditions [31]. Observations of CAA in the occipital cortex (which
is primarily responsible for the human visual system) have led to the conclusion that in
extreme cases, all features of an affected artery can be replaced by amyloid [32], with the
accumulation beginning in the inner layers of the artery wall (basement membrane of the
tunica media). There have been reports of banded patterns in amyloid-laden vessels in
the human brain [33], identified using thioflavin-S staining, associated with the basement
membranes of the smooth muscle cells. Beyond the basic geometric morphological analysis,
some research has been performed to describe amyloid deposits in human brains through
fractal analysis [34], which is described in more detail in chapter 3.

1.5 Amyloid Deposits in the Human Retina

Deposits found in the human retina have several similarities to those in the brain. As ad-
dressed by Koronyo et al [35], both brain and retina contain microglia, neurons, and other
features that are structurally similar. However, the retinal tissue is distinct from brain
tissue in that it is organized as a series of effectively two-dimensional layers. This implies
the possibility for similar and different deposit morphologies in the brain and retina. Ko-
ronyo’s group used different methods for imaging amyloid in the retina (a curcumin-based
stain/ingestion process and immunohistochemistry [35]), and showed evidence of deposits
associated with blood vessels. Retinal samples stained with 12F4 mAb showed plaques
forming both within and alongside blood vessels, and some examples were shown of plaques
formed at branching points. Some deposits are shown in their report with cross-sections
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that resemble those in the brain, with the implication that they are generally similar mor-
phologically. Campbell’s lab has previously presented several examples of amyloid deposit
morphologies in the human retina. Some of this work includes evidence that the deposits
have intrinsic birefringence signals [36], and that the deposits have high contrast against
the background retina when imaged using polarimetry [37]. These properties suggest a
level of order amongst the fibrils that coalesce to form deposits in the retina, which could
be consistent with the ordered arrangements of fibrils found using electron tomography of
deposits grown in cell cultures [38].

1.6 Theory of Mueller Matrix Polarimetry

To measure the interactions that retinal amyloid deposits and the surrounding tissue have
with polarized light, the spatially-resolved Mueller matrix M is calculated for each deposit
(equation 1.1). This matrix is a 16-element data array that represents the manner in which
different media act upon incident light (with various polarizations):

M(x, y) =


m00 m01 m02 m03

m10 m11 m12 m13

m20 m21 m22 m23

m30 m31 m32 m33

 (1.1)

where mij denotes the component of the Mueller matrix in the ith row and jth column,
and (x,y) denote the horizontal and vertical coordinates of the pixel associated with the
particular M. The Mueller matrix can be used to find a variety of polarization signals
by representing the incident and exiting light as separate four-element Stokes vectors.
Incident light ~S is acted upon by the tissue sample, resulting in an output Stokes vector,
~S ′ (equation 1.2).

~S ′ = M~S (1.2)

A series of mutually exclusive interacting media that each lie along a light path can be
denoted by a right-to-left matrix multiplication of the individual Mueller matrices associ-
ated with each of the media (i.e. M = MnMn−1...M2M1). This is the operating principle
of the polarimeter. The matrices representing the polarization state generator (PSG) and
polarization state analyzer (PSA) are controlled. These components are made of a station-
ary linear polarizer and a rotating quarter wave plate (see figure 3.4 for ordering). The
matrices representing these components, MPSG and MPSA, are both known. The system
can then be represented by:

~S ′ = MPSAMSampleMPSG
~S (1.3)
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where MSample is the Mueller matrix associated with a particular position in the sample.

The polarization metrics listed in table 1.1 can each be calculated using the Mueller
matrix. All of the metrics with the subscript θ represent the angle of the linear component
of that polarization property. For example, linear polarizance is calculated from m10 and
m20 and is at the angle arctan(m20/m10). For these calculations, as prepared by Tao Jin
[36], the arctangent calculation uses a compensation procedure to ensure that the result
is a positive angle. This operation has been omitted from the equations in table 1.1 for
brevity.

The linear and circular anisotropy signals, AL and AC [41], are defined by presenting
M as:

M(x, y) = m00


1 D1 D2 D3

P1 k1 r3 −r2

P2 q3 k2 r1

P3 −q2 q1 k3

 (1.4)

From there, AL and AC can be found by letting:

αiD = Di + Pi

αiR = ri − qi
(1.5)

for i = [1, 3]. Being that each of the polarization metrics represents a particular interaction
between the medium and polarized light, it is understandable that, when represented
as a function of two-dimensional position, the metrics show varying levels of contrast
between the retinal amyloid deposits and the surrounding retina. Our group has found
that RL gives the strongest contrast2. The main analysis in chapter 3 is performed on
RL maps. The RL map is calculated through a matrix decomposition that writes M as
the product of three matrices associated with independent components - a depolarizer
M∆ (which reduces the degree of polarization of incident light), a retarder MR (which
introduces a phase delay between differently polarized components), and a diattenuator
MD (which introduces polarization-dependent attenuation): M = M∆MRMD [43]. With
MR calculated, the retardance vector is found by:

~R = cos−1

[
tr(MR)

2
− 1

]
(1.6)

where tr(MR) is the trace of MR. The first, second, and third elements of ~R are the
horizontal, 45o-linear, and circular retardances [43].

2RL can be approximated with an incomplete polarimeter but this dismisses opportunities to detect
potentially superior signals that might require the complete polarimeter.
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Metric Symbol Formula Source

a-metric A∗ 2b·t1
b2+t21

[39]

b-metric b m11+m22

2
[39]

t-metric t 1
2
((m11 −m22)2 + (m12 +m21)2)1/2 [39]

x-metric x x = 1
2

arctan(m20

m10
) [39]

q-metric q
Σ3

j=1,k=0m
2
jk

Σ3
k=0m

2
0k

[40]

Transmission T m00 [41]

Depolarization Index DI (
(Σ3

j=0,k=0m
2
jk)−m2

00

3m2
00

) [42]

Depolarization Power DP 1− |tr(m∆)|
3

(m∆ defined below) [43]

Total Diattenuation DT (D2
L +D2

C)1/2 [43]

Linear Diattenuation DL
1
m00

(m2
01 +m2

02)1/2 [43]

Diattenuation Angle Dθ arctan(m02/m01) [43]
Circular Diattenuation DC

m03

m00
[43]

Total Polarizance PT (P 2
L + P 2

C)1/2 [43]

Linear Polarizance PL
1
m00

(m2
10 +m2

20)1/2 [43]

Polarizance Angle Pθ arctan(m20/m10) [43]
Circular Polarizance PC

m30

m00
[43]

Total Retardance RT (R2
L +R2

C)1/2 [43]

Linear Retardance RL (R2
1 +R2

2)1/2 (see below) [43]
Retardance Angle Rθ arctan(R2/R1) [43]

Circular Retardance RC R3 (see below) [43]

Total Anisotropy AT (A2
L + A2

C)1/2 [43]

Linear Anisotropy AL

√
(α2

1D+α2
1R+α2

2D+α2
2R)

Σ
[41]

Anisotropy Angle Aθ arctan(
α2

2D+α2
2R)√

(α2
1D+α2

1R

) [41]

Circular Anisotropy AC

√
(α2

3D+α2
3R)

Σ
[41]

Table 1.1: Definitions of the polarization signals considered in chapter 3.
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1.7 Confocal Scanning Laser Microscopy

Many advancements in biomedical sciences have been due to optical microscopy techniques,
and fluorescence techniques in particular. Fluorescence imaging involves exciting a sample
with a wavelength of light and then characterizing the radiation emitted by the sample.
Early fluorescence microscopes (which were first invented by Heimstädt in 19113 [44]) were
devoid of means for limiting contributions to signals from planes outside of the desired
focal plane. In 1961, Minsky [45] proposed an optical microscope in which a confocal
pinhole was implemented. This meant that the fluorescence of different depths within
the sample could be viewed in isolation from others. The pinhole removes rays that are
generated outside of the object plane, thus greatly reducing noise. Since the pinhole in
principle only illuminated a single point on the sample, Minsky’s patent also describes an
electromechanical system that would move the sample in a scanning pattern.

With the advent of laser technology came the opportunity to reduce the dimensions
of the interaction volume, and to have a controlled beam excite particular positions on a
sample. Raster scanning mechanisms then allowed for the beam to scan the surface of the
sample, instead of moving the sample relative to the point source generated by the pinhole.
The use of laser scanning microscopes was proposed in 1974 by Cremer and Cremer [46].
The primitive development of the confocal laser scanning microscope was completed in 1986
[47] and brought with it fundamental improvements to resolution. In its simplest form,
the scanning is performed by two spinning reflectors and a laser. Light that has interacted
with the sample is descanned and passes into a detector that samples the intensity of the
beam. Confocal scanning laser microscopes are typically equipped with multiple lasers,
allowing for excitation at different wavelengths, and the recording of different responses
from a sample. To manage the output of such a configuration, filters and beam-splitters are
used to track the intensities of the exiting signals separately. Many biomedical applications
of microscopy involve investigations into samples with three-dimensional variance.

3As per [44], Köhler made an ultraviolet microscope in 1904.
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Chapter 2

Morphological Properties of Retinal
Amyloid Deposits

2.1 Introduction

Alzheimer’s Disease (AD) is a neurodegenerative condition associated with accumulation
of amyloid in the brain [27, 28]. Other retinal indicators of AD include thinning of the
optic nerve fiber layer (ONFL), loss of retinal ganglion cells (RGCs) [48, 49], and changes
in vasculature [50, 51, 52]. Research by our group, and others, has confirmed the presence
of amyloid in the retina [35, 49, 53, 54, 55, 56]. We are also one of several groups that
has specifically found amyloid-β in the retina [35, 49, 56, 57] using immunohistochemistry
(IHC). Other groups have concluded that amyloid-β either does not occur in the retina or
is not of diagnostic interest for AD [57, 58, 59]. Our group has detected deposits in ex vivo
human tissue using thioflavin-S fluorescence and label-free polarimetry [37, 60].

Cerebral amyloid angiopathy (CAA) is a condition during which amyloid accumulates
in association with vasculature in the brain [33]. Amyloid-β might accumulate initially
in the basement membrane of vessels in the brain as a result of a “perivascular drainage
pathway” [61]. Deposits associated with CAA take several different forms [33, 62]. These
forms include deposits that have banded patterns along their short axis, due to interaction
with smooth muscle cells [33], deposits that have filled or replaced a segment of the walls of
a vessel [32, 62], and in severe cases, deposits that form within the vessel then disrupt the
vessel and continue to form outside of the vessel [63]. CAA deposits can be composed of
several different forms of amyloid including amyloid-β, cystatin C amyloid, amyloid prion
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protein, transthyretin amyloid, gelsolin amyloid, amyloid Bri(tish), amyloid Dan(ish), and
light-chain amyloid (AL) [61].

There is significant overlap between cases of AD and CAA [31], and it has been re-
ported that higher severity CAA brain pathology is associated with greater retinal loads
of amyloid-β [64]. Therefore, the presence of amyloid in retinal vessels [35, 49] in those
with CAA would not be surprising. Amyloid-β has been found in AD human retinal ves-
sels using IHC in flat mounts. Amyloid deposits associated with blood vessels may also
be connected to previously reported changes in retinal blood vessels associated with AD
and/or CAA [50, 51, 52].

Three-dimensional (3D) analysis of amyloid deposits in the brain has been performed in
mice and humans [65, 66] using various methods (see [65, 66, 67] for example). Non-vessel
related amyloid deposits in brains associated with AD are distinct from those in CAA in
that they are commonly isotropic (or spherical) [27]. Based on flat mounted and thin-
sectioned retinas, there have been groups that concluded deposits in the retina resemble
those found in AD brains [35], and others that did not [57].

This chapter will study the 3D structures of retinal amyloid deposits based on thioflavin-
S fluorescence and confocal scanning laser microscopy in post-mortem tissue. Comparisons
will be made with AD and CAA brain pathology, quantified in post-mortem brain patholo-
gies for those individuals who also donated their eyes.

2.2 Methods

2.2.1 Sample Preparation

Human eyes from 25 individuals were donated and collected by the University of British
Columbia (UBC) in alignment with the Declaration of Helsinki (pathologies are listed in
table 2.1). Of these, nine associated with AD (and/or cerebral amyloid angiopathy, CAA,
and/or cerebrovascular disease, CVD), three associated with AD pathology as well as ad-
ditional conditions, and three associated with non-AD pathologies, were imaged using the
confocal microscopy technique (section 2.2.2) for this chapter. Retinas had been prepared
for a previous study. They were each separated from the eye post-mortem, fixed in 10%
formalin, stained with Thioflavin-S for amyloid, and counterstained with 4’,6-diamidino-
2-phenylindole (DAPI) for nuclear matter. These stains are used for fluorescence imaging.
The retinas were then flat-mounted onto glass slides, cover slipped, and sealed to reduce
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Figure 2.1: Electron micrograph that shows the layers of the human retina, as presented
by Boycott and Dowling in 1969, included with permission of The Royal Society [68].
According to the original caption: “the arrow points to a displaced ganglion cell. Magn.
x 550. ch, choroid; b.m., Bruch’s membrane; p. pigment epithelium; o.s., outer segments
of rods and cones; c & r, inner segments of cones (c) and rods (r); o.l.m., outer limiting
membrane; o.n.l., outer nuclear layer; f.l., fibre layer; c.p., cone pedicles; rod spherules;
o.p.l., outer plexiform layer; i.n.l., inner nuclear layer; i.p.l., inner plexiform layer; g.c.p.,
ganglion cell perikarya; o.n.f., optic nerve fibre layer; i.l.m., inner limiting membrane. A
portion of a blood vessel with erythrocytes shows in the ganglion cell perikaryon layer.”
The anterior (vitreal) side of the retina is at the bottom of this figure.
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Pathologies Number of retinas
Number of retinas

used in this chapter

AD
(possibly including additional pathologies of CAA and/or CVD) 15 9

MSA 1 1
DLB, CVD 1 1
DLB, AD 2 2

PSP 1 1
ALS 1 0

FTLD-TDP 2 0
AD, DLB, TDP, HS, CVD, CAA 1 1

FTLD-TDP, ALS-TDP, NFT (Braak III),
age-related tau astrogliopathy 1 0

TOTALS 25 15

Table 2.1: Number of retinas with particular sets of pathologies. CAA→ cerebral amyloid
angiopathy, CVD → cerebrovascular disease, MSA → multiple system atrophy, DLB →
dementia with Lewy bodies, PSP → progressive supranuclear palsy, ALS → amyotrophic
lateral sclerosis, TDP → transactive response deoxyribonucleic acid-binding protein 43,
FTLD-TDP → frontotemporal lobular degeneration - TDP, HS → hippocampal sclerosis,
NFT → neurofibrillary tangles.

dehydration and the presence of contaminants. These samples were also previously im-
aged using polarimetry, as discussed in section 3.2.4 in chapter 3. Brain pathologies were
determined post-mortem by a neuropathologist based on the NIA-AA guidelines [69].

2.2.2 Confocal Scanning Laser Microscopy

Retinal slides were imaged using the Zeiss LSM 700 confocal scanning laser microscope
(CSLM). Samples were mounted with their cover slips facing downwards toward the objec-
tives. Using the Smart Setup option in Zen (designed by Zeiss for operation with CSLM),
DAPI and fluorescein isothiocyanate (FITC) channels were selected and the separation of
detection windows was preset. The FITC channel was used to image Thioflavin-S, which
was excited at 488 nm, and fluoresces at 510 nm. DAPI is optimally excited at 360 nm and
fluoresces at 460 nm [70]. The DAPI channel used in this work was excited with a laser
at 405 nm which only accounts for a small portion of the possible excitation spectrum.
The emission for the channel was broad and appears to give weaker fluorescent labelling
to the nuclear material as compared to results attained with another CSLM in the past.
This is not a major concern since the FITC channels contain the deposit signals. These
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two channels were collected for each selected deposit (see figure 2.2). In spite of the con-
figuration of the DAPI channel, detail in the retinal surround is visible to an extent that
made identification of cellular structures possible. Small tile scans across the samples were
performed after focusing on a layer near the anterior retina to look for deposits. Once a
deposit was found, the Zen software was used to set the range of depth over which slices
would be captured, and the confocality was set to a single Airy unit (to reduce the impact
of fluorescence from outside of the desired image plane). These image planes correspond to
z-slices, which are images taken at different depths along a direction normal to the retinal
sample. The Range Indicator mode was used to ensure that gains for individual detector
channels were as bright as possible without saturating the image.

The planar dimensions of each 512x512 image were set based on the voxel size of 0.44
µm and imaged with a 20X objective. This led to slices that were approximately 225 µm x
225 µm, unless noted as otherwise. To ensure that voxels were cubic, the axial separation
of the z-slices was also set 0.44 µm. This set the number of slices taken in each stack. The
number of slices and range of depth were both calibrated for each deposit so as to fully
enclose all slices in which the deposit signal was visible. Image stacks were collected as a
sequential raster scan across the plane for each z value. This process of detecting plaques
in (x,y,z) and collecting image stacks was applied to multiple deposits in each of the 15
retinas analyzed in this chapter. The deposits were selected arbitrarily from those in the
anterior layers of the retina. Over 100 deposits were imaged in this way, mostly including
deposits that were presumably associated with retinal blood vessels, and a lesser quantity
of deposits that were not. The structural properties of these two groups of deposits are
discussed and then compared in this chapter. No conscious effort was made to image
deposits with particular features or structures. The depth from the anterior surface of the
retina that can be imaged on the CSLM is limited to between 50 and 100 µm. The 3D
structures of these deposits were observed using Zen, as were cross-sectional cuts.

2.3 Results

2.3.1 Deposits Presumably Associated with Blood Vessels

Recently, work has been performed within our lab to characterize the difference between
deposits that are associated with blood vessels and those that are not. Blood vessels
were of low contrast but visible as long dim paths through the imaged fields, in some
cases with presumed red blood cells visible within. The vessel-associated deposits can be
further categorized as those outside but touching the vessel, and those within vessels. Some
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Figure 2.2: Split-view of slice 20 in a z-stack for a deposit; left-right: DAPI, FITC, com-
bined and coloured; scale bar is 20 µm.

deposits presumably between layers in the vessel walls resemble the banded structure of
deposits previously found in a mouse model of CAA (figure 2.12). The morphologies of
these vessel associated deposits are described below in detail.

Deposits Possibly Filling Vessel Walls

Long deposits with elliptical cross-sections, that in at least one case had a hollow core
(figure 2.3), were observed. These are possibly blood vessels whose walls are filled with
amyloid, as has been reported in the human brain [32, 62]. The deposit in figure 2.4 displays
a particularly interesting property in which the long deposit connects to a presumed vessel,
but does not itself appear to have any sort of bounding vasculature running along its
length and beyond. Both the deposit and the lower branches of the vessel in this slice
are of similar widths, so this deposit has possibly formed in the vessel and closed off the
branch it accumulated within, equivalent to some form of amyloid clot. However, it has
been hypothesized that amyloid is associated with a repair response in the brain [71], so
the vasculature may have been damaged through some other means. In either case, this
deposit appears to have a solid elliptical cross-section, implying that it perhaps filled the
lumen of the vessel, but it also has some textural features along its outermost surface that
may be consistent with those found in vessel walls. Hence, the deposit in figure 2.4 may
have accumulated in both the wall and lumen of a vessel.

Several of the deposits which might be filling vessels (or vessel walls) have tattered
ends (figures 2.4 and 2.5), described as such because they resemble a rope that has become
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(a) En face slice

(b) Orthogonal cut (xz-plane), scale in nanometers.

Figure 2.3: A z-slice and orthogonal cut of a long and hollow deposit, presumably filling
the walls of a blood vessel.
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(a) Slice 29: Red arrows indicate loca-
tions of several grooves that are likely
hallmarks of smooth muscle within the
vessel wall.

(b) Slice 72: Red arrows indicate
grooves, and a strip of amyloid through
the center of the deposit (100X objec-
tive).

(c) Slice 43: Red arrow in-
dicates vasculature that the
deposit connects with.

(d) Slice 33: Enlarged region around tattered end
of the deposit, where it connects to another pre-
sumed vessel.

Figure 2.4: A long vessel associated deposit, with labelled features.
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(a) Slice 24 (b) Slice 30 (c) Slice 47

(d) Oblique perspective of 3D volume. Note the levelness
of the deposit and the slight slant at its ends, and that
2.5b has been artificially contrasted and false coloured to
highlight a presumed vessel.

(e) Orthogonal cross-section
of the deposit; scale in
nanometers.

Figure 2.5: Selected slices from a z-stack of a long deposit with grooves, tattered ends,
and likely filling a segment of a blood vessel. This deposit was found in a retina that was
not associated with AD brain pathology or cerebral amyloid angiopathy. The only listed
pathology was multiple system atrophy (MSA).
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Figure 2.6: A blood vessel in a mouse brain with amyloid along its edges and seemingly
running in a line through the lumen, included with permission of Wiley, based on work
performed by Bruce and Fraser [18].

(a) Slice 43 (b) Orthogonal Cut showing
xz-plane, scale in nanome-
ters.

Figure 2.7: A long deposit that appears to have formed within a vessel wall and partially
filled the lumen.
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frayed. The roughness of these ends might further support this hypothesized link to rup-
tured or damaged vasculature. The fringing of the amyloid off the ends of the segment of
the presumed vessel partly resembles a vessel fringed with amyloid that was reported in
[18]. See figure 2.6 for an example from [18] that has been included with permission of the
publisher. Note that the deposit in figure 2.5 was from the retina of a subject that had
MSA but no evidence of AD or CAA brain pathologies.

The regions surrounding the deposit in figure 2.3a has virtually no signal in the FITC
channel and is in plane with the deposit, making it unlikely that it is due to some optical
shadowing. This may be an indication of tissue degradation.

Large deposits with elliptical cross-sections commonly have grooves, oriented at some
acute angle to the short axis of the deposit. This might indicate interaction with smooth
muscle along the vasculature, or an artifact from the way in which the amyloid is aligning in
this large tubular structure. These deposits occasionally have wrinkles or crevices (figure
2.8a) which are visually consistent with the reconstructed image of an amyloid-β laden
leptomeningeal vessel (APP23 mouse brain) in [72] (figure 2.8b, Copyright 2001 Society of
Neuroscience).

In some of the cylindrical deposits within vessels, the lumen is partially empty, but in
other cases, another feature that stained with thioflavin-S ran coaxially within the deposit
and may have indicated amyloid within the lumen (see figures 2.4b and 2.7 for instance).
The cross-section shown in figure 2.7b appears to show amyloid within the vessel wall, and
then also filling the lumen, but notably the colour profiles of the two features are different.
This may be indicative that the amyloid in and around the wall of the vessel fluoresced
based on excitation at the FITC wavelength, and that the amyloid presumably within the
lumen was potentially auto-fluorescing primarily based on the DAPI excitation. This may
further indicate that amyloid aggregates of different stages or maturities, as reported by
[21], accumulated within the different regions of the vessel. Their study used hypersensitive
fluorescent amyloid markers to demonstrate that different structures of amyloid-β could
be found within individual deposits, corresponding to different structural maturities of the
deposit. See figure 1.1 for an image of theirs taken within a transgenic mouse model of AD
[21, 22].

A Deposit within a Possibly Twist-Buckled Vessel

A presumably vessel associated deposit with a spiral-like feature in its cross-section is
shown in figure 2.9. The slight fold in the deposit at the approximate location of x=250
µm and y=180 µm could be a retinal case of vascular twist buckling [73, 74], which is a
class of tortuous vessels. The presence of tortuous vessels in the brain in association with
ageing has been well documented (see the review in [75]). The deposit appears to be within
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(a) A slice in a z-stack containing a deposit that
is presumably filling a vessel, and has the ap-
pearance of wrinkles across its surface.

(b) A leptomeningeal vessel in a mouse brain
that has stained for amyloid-β with similar wrin-
kles, scale bar represents 25 µm. Copyright 2001
Society for Neuroscience [72].

Figure 2.8: A retinal amyloid deposit with an apparently wrinkled surface is shown in
2.8a, which seems to resemble an amyloid-β-positive leptomeningeal vessel in a mouse
brain shown in 2.8b [72] (Copyright 2001 Society for Neuroscience) [72].

21



a vessel and to join a presumed vessel along the right side of the field. In the orthogonal
cuts through the stack (figure 2.9b), the curled region closes in on itself; the other portion
of the deposit is shaped like an ellipse that is pinched at one end. Otherwise, the deposit
is similar to the deposits with elliptical cross-sections described earlier. In the orthogonal
cross-sections, it further appears that the deposit is not within the vessel lumen, implying
that this deposit is between layers in a vessel wall.

(a) 3D view of the en face projection

(b) Orthogonal cuts, based on a z-stack captured with the 100X objective (voxels 0.13µm x
0.13µm x 0.14µm)

Figure 2.9: A large deposit within the walls of a presumably tortuous vessel that has a
rolled structure, curling along its short axis.

Micron-Sized Dark Spots within Vessel Walls

A possibly vessel-associated deposit was found (see figure 2.10) which has a series of
dark spots periodically spaced across it. The sizes of the spots in this image are also
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consistent (roughly 0.9-1.8µm), but the shapes of the patterned dark spots change with
depth. It is plausible that the dark spots are the result of amyloid accumulating in the
outer walls of a vessel. In the lower right portion of the deposit, corresponding to the cross-
section in figure 2.10c, the dark spots appear to travel through the deposit. Long deposits
with elliptical ring-like cross-sections, like that shown in figure 2.10c, are consistent with
amyloid filling the walls of vessels, as occurs in the human brain [32, 62]. At the opposite
end of the deposit, the cross-section does not have a cavity, suggesting that the vessel
in which this deposit has formed may have closed off as a result of the deposition. The
deposits in figures 2.11a, 2.11d, and 2.11f, also have dark spots. These spots may be
indicative of cellular structures close to the outermost layer of the vessel wall.

Deposits with Banded Patterns

Deposits with banded patterns were observed in the human retina. See figure 2.11a for an
example of one such deposit, which appears to have formed in the wall of a vessel but does
not fully wrap around the vessel. The bands resemble those found in CAA deposits in the
brain, and in mouse models (figure 2.12 [26]). In CAA deposits in the brain, these bands
reportedly form due to amyloid displacing smooth muscle cells in the vessel wall [26, 33],
so it is possible that the pattern described here has an equivalent cause. Note that the
deposit in figure 2.11a has less distinct bands.

Several other deposits with bands, or dark spots (discussed above) are in figures 2.11d
and 2.11f. Further efforts, which have already been initiated by other members of the group,
will involve staining for vasculature, which will likely allow for more definitive explanations
of the banded patterns in the flat retinal amyloid deposits. With the information currently
available, and the visual similarities to deposits present in animal models of CAA, it seems
plausible that the banded deposits are vessel-associated, and that the pattern is related to
the displacement of smooth muscle cells by amyloid deposits.

Possible Examples of Dyshoric Changes

In brains affected by CAA, amyloid that accumulates within vessels can in severe cases
disrupt the vasculature and continue to form in the region outside of the vessel [63]. This
section contains descriptions of several deposits that were found in the space immediately
outside of vessels, touching the external surface of the vessel wall in some cases, and deposits
that appeared to have possibly initially formed within vessels and then continued to form
in the region immediately outside the vessel.
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(a) Slice 24

(b) Slice 15 (c) Orthogonal cross-section showing
the xz-plane; scale in nanometers.

Figure 2.10: Slices and an orthogonal cross-section in a z-stack with measurements of the
diameters of dark spots that are spaced very regularly through a deposit that appears
to fill the walls of a vessel. Note that the measurements in 2.10b are for the dark spots
directly below the letter D in “distance”, for each of the four measurements shown. The
cross-section illustrates that the dark spot go through the deposit.
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(a) Slice 32 (b) Slice 36

(c) Orthogonal cross-section of the deposit in
2.11a and 2.11b, showing the xz-plane; scale in
nanometers.
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(d) Slice 25 (e) Orthogonal cross-section of 2.11d
showing the xz-plane; scale in nanome-
ters.

(f) Slice 44 in a deposit with a
weaker signal running along its
center, and a banded pattern peri-
odically spaced along its long axis.

(g) Orthogonal cross-section of
2.11f showing the xz-plane; scale
in nanometers.

Figure 2.11: Flat deposits that are presumably within vessel walls. Note that the deposits
in 2.11d and 2.11f were not clearly found within a vessel wall but the similarities in their
morphologies to the deposit in 2.11a which was found in a vessel wall, make it likely that
these other deposits formed through similar mechanisms.
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Figure 2.12: 2-Photon images of vasculature affected by cerebral amyloid angiopathy in
transgenic mice (green → vascular smooth muscle cells; blue → amyloid deposition), in-
cluded with permission of Wolters Kluwer Health, Inc. [26].

A Deposit that Bends Around a Vessel A deposit that is thin in the z-direction but
not parallel to the en face plane is shown in figure 2.13. This deposit has multiple bends,
including its central bend that appears to be around some sort of vasculature. It is not
precisely clear whether the deposit makes direct contact with the vessel beneath due to a
shadow that appears to have been cast by the deposit, but it is possible that this deposit
started within the walls of said vessel and then spread into the surrounding retinal tissue.

A Folded Deposit Touching the Outside of a Capillary The deposit shown in figure
2.14 appears to lie on top of a vessel. The deposit has two folds, labelled with red arrows
in figure 2.14a. As in figure 2.14b, the different features of the deposit appear to be very
thin in the z-direction. This folded deposit appears to be located above a capillary that
joins the major vasculature in the field (see figure 2.15).

Several other possibly vessel associated deposits contain a mixture of morphologies
which may be indicative of dyshoric changes in the retina. For instance, a deposit was found
that has a long and flat structure, with a nearly transparent thin feature that partially
wraps around one of its ends (see figure 2.16). Other deposits of this mixed morphology
include those in figures 3.26a and 2.17b. Differing morphologies in a single deposit might
indicate a coalescing of multiple adjacent deposits, or differential tissue densities that lead
to growth being restricted in particular directions. The layered structure of the retina is
likely a determining factor in the tendency of most retinal amyloid deposits to be thin
relative to their lateral dimensions, as opposed to amyloid deposits in the brain which are
commonly spherical. Some additional retinal deposit structures like those in figures 2.16
and 2.17 could result from a deposit that initially forms in vasculature and then escapes
(through a rupture or micro-aneurysm [76], for example) and continues to grow in the
adjacent cellular tissue. This would be analogous to dyshoric changes that occur in CAA
[63]. Note that the deposit in figure 2.16 does not have any clear vasculature in the field,
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(a) 3D oblique view

(b) Slice 44 (c) Slice 59
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(d) 3D en face view.

Figure 2.13: Multiple 3D perspectives and z-slices of a deposit that appears to bend around
a vessel, and the surrounding tissue. In 2.13b and 2.13c, the DAPI channel has been false
coloured as white, which causes the deposit to appear brighter, and red lines indicate
lateral boundaries of the presumed vessel running beneath the deposit.

(a) Slice 30: Folds indicated
by red arrows

(b) Orthogonal cut to illus-
trate the flatness of the indi-
vidual features of the deposit

Figure 2.14: A deposit with multiple folds within ≈ 2.5 µm of presumed vasculature and
possibly touching it.
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(a) Slice 38 (b) Slice 47

Figure 2.15: Two slices from the z-stack associated with the deposit shown in figure 2.14,
with the field enlarged to display a possible capillary. The position of the capillary is
between the red lines. The “crease” of fold B appears to connect to the capillary, though
the remainder of the deposit appears to lie several microns above (i.e. more anterior
than) the indicated capillary. Note that the DAPI channels were set to white to make the
capillary more visible.

but does have a long flat structure, with possible banding, indicating that it may have
formed within the wall of a vessel. The feature near the center of the figure appears to
wrap partly around the long flat feature. The example in figure 2.17 appears to connect to
a vessel (at a point indicated by the red arrow) and has features that are of widths similar
to that of the vasculature in the field.

2.3.2 Images of Possible Fibrillar Bundles

Within a large number of deposits imaged using the CSLM, strands of Thioflavin-s positive
features can be found (see figure 2.18). Typically, these strands are detected near the
anterior side of the deposit. Measurements of these features in deposits from various
retinas, imaged by several individuals, range from approximately 0.75-1.5µm1. This is
within approximation of the broad range of fibrillar bundle sizes proposed in [77]. One
possible explanation for the fibrillar strands being found on the anterior-most faces of the
deposits could be that they are forming from the anterior direction, piling on layers like

1When imaged using a 100X objective, it was possible to see such presumed bundles with diameters
less than 0.4 µm.
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Figure 2.16: Oblique 3D view of a long flat (non-tubular) deposit, and a thinner feature
wrapped around it.
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(a) Slice 20

(b) Slice 27

Figure 2.17: Slices from a z-stack containing a deposit with a structure composed of several
different morphological features, that appears to connect to vasculature, and may be an
example of a dyshoric changes. The red arrow in 2.17a points to where the deposit appears
to join the vasculature. The red lines in 2.17b indicate the position of the presumed vessel
walls in the field, and the DAPI channel in 2.17b has been set to white to make the vessel
more visible.
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the formation of an amyloid mesh. A study by Wright et al found that levels of amyloid
(Aβ-40, Aβ-42) and (t)Tau proteins in the vitreous of the retina were lower in human
subjects with lower cognitive performance [78]. This might indicate that these proteins
are evacuated out of the vitreous into the retina. In that case it would be logical that
some deposits form from the anterior retinal surface downwards and that the deposits
least packed features are closest to the anterior retina. A deposit was found in a retina
seemingly in the ONFL, with a strand-like feature near its anterior surface, which seems
to further support this hypothesis of amyloid deposition from the vitreous into the retina.

Figure 2.18: A small subsection of a deposit highlighting a feature that is possibly a bundle
of amyloid fibrils.

2.3.3 Retinal Amyloid Deposits Unrelated to Vasculature

There were deposits imaged in this analysis that neither appeared in close proximity to a
presumed vessel, nor had structural features that resembled vessel-associated deposits. See
figures 2.19-2.21 for examples. The retinas in which the deposits in this section were found
were from subjects with AD brain pathologies. One feature that can be observed in the
3D structure of several non-vessel related deposits is that of dark spots that in some cases
(see figure 2.19) appear to move laterally across slices with depth. Two spots in particular,
labelled by a red arrow, shift apparent position between slices, and eventually merge. In
a 3D perspective, this would be visually similar to a Y-shaped dark tunnel through the
deposit. Figure 3.26b illustrates several other regions that have these shifting dark spots,
in the same deposit.
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(a) Slice 46 (b) Slice 48 (c) Slice 50 (d) Slice 54

Figure 2.19: Different z-slices in a deposit that illustrate the displacement of the dark spots
at the end of the red arrow.

A theory put forth by a member of our group, Steven Esau, is that these shifting dark
spots are created by RGC axons. The shift in the position of such dark spots could be
indicative of the manner in which the accumulation of amyloid displaces the presumed
axons. The deposit in which the dark spots in figure 2.19 were found, appeared to have
some regions that were possibly composed of periodically arranged fibrillar bundles of
amyloid (see figure B.1 in Appendix B), so the dark spots may be equivalent to the axons
pushing between these arranged bundles. Electron microscopy images found RGC axons
have diameters more than covering the range of 0.5µm to 5µm [79], encompassing the range
of sizes of the shifting dark spots. The proximity of the deposits to the anterior most layers
in the retina, and the sizes of the dark spots, all seem to support the connection to RGC
axons.

Similar to the deposit shown in figure 2.19, the deposit in figure 2.20a appears to have
dark spots. A small region within figure 2.20a is shown in figure 2.20b, which more clearly
displays said dark spots, which appear to lie a few microns above the presumed RGCs in
figure 2.20c. Figure 2.20d shows another deposit with a dark spot in its center of roughly
3 µm diameter, and seems to align laterally a few microns below a possible RGC (see the
orthogonal cross-section in figure 2.20e). These examples of deposits with dark spots seem
to support the argument that dark spots in deposits unrelated to vessels are due to RGC
axons.

Among the retinal deposits imaged for this chapter, the deposit in figure 2.21a is perhaps
the closest to being circular in cross-section. Most other deposits are not close to spherical
(see figure 2.21b), having larger dimensions in a retinal plane than their perpendicular
thickness. The small size of the more spherical deposit in figure 2.21a, coupled with the
fact that its thickness is not greater than that seen in the other “flat” deposits, might
suggest that such deposits initially grow axially only by a small amount before growing
laterally. Generally, the non-vessel associated deposits were relatively thin, with overall
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(a) (b) (c)

(d) (e)

Figure 2.20: Additional deposits with dark spots that do not appear to be related to
vasculature. Images are en face slices within z-stacks unless otherwise specified from a
subject with AD brain pathology and Congo Red-positive (CRP) CAA in the frontal
cortex (FC). 2.20a: a deposit that does not appear to be vessel-associated; 2.20b: Cropped
region of slice 17 in 2.20a showing dark spots in the deposit; 2.20c: Cropped region of slice
28 in 2.20a, showing possible RGCs below the dark spots in 2.20b; 2.20d: Shows a dark
spot within a fluorescent area; 2.20e: Orthogonal cut through 2.20d, showing a dimmer
region in the deposit which corresponds to the dark spot in 2.20d (between bright blue
lines). This is directly below a presumed RGC (large dark spot in red circle); scale in
nanometers.
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(a) (b)

Figure 2.21: Slices through retinal deposits that do not appear to be related to vasculature.

thicknesses of around 5 µm and 25 µm, respectively.

2.4 Discussion

2.4.1 Limitations of Methods

Several aspects of the procedure have noteworthy limitations. The practical limit of depth
resolution as per Abbe’s law is 2λ/NA2, where λ is the excitation wavelength, and NA
is numerical aperture. Most z-stacks studied for this chapter were imaged using a 20X
objective with NA=0.8, so with the FITC excitation wavelength at 488 nm, the axial
resolution limit would have been approximately 1.5 µm, which is roughly three times the
separation between consecutive z-slices. As a consequence, structures in neighbouring z-
slices would not be resolved.

Presumption of vasculature within a field was made based on varying extents of appar-
ent contrast in the retinal surround. Several of the features that have been described in
this chapter as resembling those found in CAA were observed both in z-stacks that had a
presumed vessel in the field and in z-stacks that did not. This likely reflects the limited
capacity for vascular contrast, rather than a non-specificity of the presumably CAA-like
deposit features to vessel associated deposits in the retina.
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Over 100 deposit z-stacks from 15 retinas were considered for this analysis. The 100
deposits studied were located within 15 retinas each of which had between 12 and 89 amy-
loid deposits, for a total of over 500 deposits. Thus, this work does not give insight into the
proportions of deposits with particular morphologies. Brain pathology was performed at
UBC in accordance with NIA-AA guidelines [69]. These assessments include scores asso-
ciated with various proteinopathies, and the overall severity of CAA and AD pathologies.
CAA pathology is assessed in the frontal cortex using Congo Red, and in the hippocampus
and cerebellum using IHC (amyloid-β). CAA has been reported in other regions of the
brain [80], so subjects whose pathology did not include CAA in our data may still have
had it in other regions of the brain.

In this chapter, the group of retinas that had AD included some that had one or both
of CAA and CVD. As described in more detail below, there is substantial coincidence of
subjects that have AD and CAA pathologies, and both are associated with amyloid-β.
AD associated retinas that had CVD were also included as CVD is not associated with a
proteinopathy. However, CVD is commonly caused by atherosclerosis [81] which involves
arterial cholesterol-based plaques [82], and retinal changes in vasculature might be linked
to those in the brain associated with CVD [83]. Crystalline cholesterol-laden deposits
in vessel walls can reportedly produce polarization signals [84]. Although cholesterol has
not been reported as thioflavin-S positive, there have been reports of co-localization of
thioflavin-S positive amyloid signals and cholesterol in a mouse model of AD, suggesting
some plaques may contain both amyloid and cholesterol. This is not likely to have been the
case in this study as the vessel associated deposits observed herein did not appear patchy
or otherwise discontinuous.

2.4.2 Vessel Associated Deposits and the Severity of Cerebral
Amyloid Angiopathy in the Brain

In the brain, CAA deposits are typically described as those that form within vessels,
and those associated with dyshoric changes which lead to amyloid deposits adjacent to
vasculature [80]. Here, amyloid-laden deposits were classified as vessel-associated if they
were found within a vessel or touching the external surface of the vessel. Vessel associated
deposits were found in all nine retinas that had evidence of both AD and CAA brain
pathologies with CAA severity scored as 1-3 (i.e. mild to severe). In addition, vessel
associated deposits were found in all three retinas that had AD brain pathology but no
CAA pathology. Presumably vessel associated deposits (figure 2.5) were found in a retina of
a subject with no AD or CAA pathology (pathology noted was MSA), appearing to fill the
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walls of a vessel and possibly the cavity within as well. It has previously been suggested
that, in association with AD, amyloid deposits in the retina may occur prior to their
occurrence in the brain [55]. Our group has previously found that the number of amyloid
deposits in the retina predicts the severity of AD pathology in the brain [54]. Another
group studying retinal tissue, donated by some of the same patients whose donated tissue
was analyzed by our group, has reported that the total load of amyloid-β in the human
retina was higher in those with more advanced CAA pathologies [64]. Our results here
indicate that pathology of a CAA type in the retina may occur prior to its occurrence in
the brain.

2.4.3 Comparison of Vessel-Associated Deposits in the Retina
and Deposits Found in Cerebral Amyloid Angiopathy in
the Brain

This chapter studied fluorescence images of retinal amyloid deposits that formed in some
relation to presumed blood vessels. Several similarities between these deposits and those
that have been reported in CAA were noted. There were multiple instances of deposits
that appeared to have elliptical cross-sections which may have filled vessels, and other
cases in which deposits had ring-like cross-sections, possibly indicating vessel walls that
had been filled with amyloid. Some have reported that amyloid can fully replace sections
of vessels in later stages CAA deposition [32, 62], so this effect of deposits filling vessel
cavities and/or vessel walls might indicate a progressed form of CAA-like deposits within
the retina.

Multiple deposits had a banded pattern, and at least one example of such a deposit
appeared to form atop a vessel. Deposits with banded patterns have been reported in
CAA [33, 26] with pattern reportedly due to amyloid displacing smooth muscle cells in
the vessel. One difference between banded deposits found in CAA and those in the retina
appears to be that banded deposits in CAA seem to wrap completely around the vessel,
whereas no example of a banded deposits that also had a ring-like hollow cross-section was
found in this analysis. This might be a reflection of the small sample size, but could also
imply that the source of amyloid involved in retinal banded deposits comes from layers
anterior to the vessels involved, and deposits atop the vessels as a result.

Other deposits were found to be connected to vessels but did not seem to have struc-
tures that resembled any cellular feature of the vessel. Deposits connected to vasculature
peripherally have also been reported in CAA and tend to form at sites of damage [63]. In
one case, a long deposit was found that was narrower in half of its length than in the other
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half. Through cross-sectional analysis, the narrower end appears to have an effectively
filled in elliptical shape, whereas the broader end has a ring-like cross-section. This may
have been the result of amyloid accumulating in a vessel and progressively reducing flow
through the region until eventually blocking flow altogether.

At least two deposits connected to presumed vessels had folded morphologies. It is
possible that the fold in figure 2.9 is due to amyloidosis of a vessel that had undergone
twist buckling [74]. Another example of a deposit with a folded morphology (imaged by
MK) was found to connect at one end to a presumed vessel, and cross-sections of said
deposit appear hollow. This deposit might therefore be an amyloid-laden segment of a
vessel that has branched off from the nearby presumed vessel, which had also perhaps
undergone some sort of twisting.

Thioflavin-S staining labels all amyloids (with beta-sheet structures) in the flat mounted
retinal samples. This may explain why some deposits described here appeared to fill blood-
vessels or their walls with a less patchy appearance than those found by Koronyo et al when
using a stain specific to amyloid-β 1-42 [35]. This indicates that the deposits analyzed in
this chapter might be composed of a mixture of amyloids. It has been reported that though
both amyloid-β 1-40 and 1-42 occur in CAA in the brain, the 1-40 sequence is more common
in general CAA, and the 1-42 sequence is associated with capillary CAA [63].

2.4.4 Comparison of Vessel-Associated and Non-Vessel-Associated
Deposits Found in Retinas

Much fewer deposits unrelated to retinal vasculature were included in this study than those
presumably related to retinal vasculature. Our group’s previous work on retinal amyloid
deposits has included analysis of deposits unrelated to retinal vasculature and those found
in this study appear to be morphologically similar to those that have been reported in the
past (in the en face perspective).

Comparison of Vessel and Non-Vessel-Associated Morphologies

Most deposits imaged for this chapter were thin in the en face (axial) direction, compared
to their extents in the lateral directions. Brain deposits are commonly reported as being
spherical or isotropic, which is possibly due to the relatively uniform density of brain tissue
on the size scale of deposits. Conversely, the largely two-dimensional layeredness of the
retina may explain why many deposits found therein appear flat and parallel to the ar-
rangement of layers. Deposits in blood-vessels are typically elongated, having shapes and
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curvatures seemingly mimicking that of the vasculature they are formed within. Some elon-
gated deposits have previously been found by our group in the ONFL, with morphologies
possibly due to the deposition forcing apart striations in the ONFL. Generally, deposits not
associated with retinal vasculature or the ONFL take on a wide variety of morphologies.

The thicknesses of non-vessel associated deposit are likely constrained by the closely
packed, highly ordered layers of the retina. The deposits are thus flattened and parallel
to the arrangement of layers. This is in contrast to amyloid deposits in the brain which
are commonly reported as being spherical or isotropic, likely due to the relatively uniform
density of brain tissue which encourages isotropic growth.

Strand-like features, corresponding in size to bundles of amyloid fibrils, were imaged
on the outside of deposits from both deposit categories. This may be indicative of a stage
in deposit growth that is common between the two groups. Although some features of
the correct dimensions were resolved (see figure 2.18 for an example), presumed bundles
of fibrillar amyloid were not routinely observed within the bulks of deposits, likely due to
the limits of resolution inherent in the imaging method.

2.4.5 Conclusions

Structural similarities between retinal blood-vessel associated deposits and those found in
the brain in association with CAA, studied here using 3D rendered confocal z-stacks, may
indicate that the retinal deposits form through mechanisms analogous to those associated
with CAA in the brain. The presence of CAA-like deposits in the retinas of subjects that
did not have any CAA reported in brain pathology suggests that such deposits may form
in the retina before in the brain, or that their formation/presence is less connected to AD
than CAA is.

Future Work

Our group is actively pursuing novel means of investigating the orderedness of deposits on a
fibrillar level, led to the electron tomography project, described in section 4.4. Other future
work in the optical regime could involve staining for particular amyloids to repeat an in-
vestigation similar to that which has been performed here in 3D using confocal microscopy,
to determine which amyloids are associated with particular morphologies of deposits in the
retina.
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Chapter 3

Multifractal Analysis of Retinal
Amyloid Deposits

3.1 Introduction

Amyloid deposits in the human retina have many morphologies (chapter 2). Deposit struc-
tures can vary with depth, and are presumably influenced by the environment in which
they form. This chapter focuses on quantitatively characterizing the complexity and tex-
ture of deposits as a function of the pathological conditions they are associated with and,
in the case of Alzheimer’s Disease (AD), the severity of the disease. The severity of AD
brain pathology correlates to total count of deposits [54]. Whether retinal amyloid de-
posits associated with different severities of AD have different structures has not yet been
demonstrated.

AD is a neurological disease associated with neurodegeneration, and most specifically
the loss and/or death of neural cells ([49, 85]). Amyloid-laden deposits in the neural (an-
terior) layers of the retina are likely associated with AD (see figure 2.1 for an electron
micrograph that displays the layers of the human retina [68]). Other deposits with polar-
ization signals seem to exist in the retina, but are found below the anterior layers in the
non-neural (posterior) retina. These deposits might be associated with age-related macular
degeneration (AMD), as amyloid has been found in drusen ([86, 87]). Drusen are deposits
that form between the retinal pigment epithelium and Bruch’s layer of the retina, perhaps
in response to damage and inflammation caused by AMD [88]. Another group studied
drusen in ex vivo retinas from some of the same subjects whose retinas have been analyzed
by our group [89]. That group found that the number of intermediate hard drusen was
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higher in the temporal retinas of those with AD compared to normal older adults [89], and
postulated that drusen could be used to diagnose AD. Another post mortem study has
suggested that the occurence and severity of AMD is no higher in those with AD than in
those in aged-matched controls [90]. Our group wanted to test the hypothesis that deposits
in the neural (anterior) layers of the retina and those in the posterior retina have differ-
ent properties. Members of Campbell’s lab have previously noted that deposits deeper in
the retina more commonly have well-defined borders and structures than deposits in the
anterior retina, when imaged using polarimetry.

Using machine learning, Nunes et al detected textural differences in retinal tissue in
subjects with AD, Parkinson’s Disease and those without pathology, based on images
captured with optical coherence tomography [91]. Pirici et al demonstrated that the fractal
dimension, a numerical measure of complexity, differentiated between: plaques in brains
associated with AD from those within healthy controls; and diffuse plaques from other
types [34]. Similar texture and complexity-based differences might exist for retinal amyloid
deposits and the nearby tissue in association with different pathologies.

Generally speaking, fractal analysis is considered a means of describing objects that
are meaningfully described by dimensions between the traditional first, second and third
(topological) dimensions [34, 92]. For instance, consider an infinitesimally thin piece of
paper. While that paper is flat and unaltered, it is likely well described (for most reasonable
scales) as a plane with topological dimension 2. Technically speaking, this infinitesimally
thin sheet would still have topological dimension 2 if it were crumpled and folded in any
number of ways. This highlights a case in which the topological dimensions would not
differ but clearly the crumpled sheet represents a more complicated or rougher surface.
The fractal dimension of such a surface would likely be higher than it would be for the
unaltered sheet as a result of this comparatively higher complexity.

Fractal analysis, which normally uses a box-counting method to estimate fractal dimen-
sion1, can reportedly produce different results2 using different computational precisions or
estimation techniques [95]. Traditional box-counting estimates of fractal dimension are
based on several assumptions [93, 94], including that the structure of the set (or image, as
the case may be) is at least “statistically” self-similar at all scales. This would imply that
the object may not be an exact replica of itself at different scales, but instead may have
similar levels of roughness.

1The reason for its popularity, its advantages, and weaknesses, are described at length in [93, 94].
2The authors mention that their findings indicated the different results were still consistent.
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3.1.1 Theory of Multifractal Analysis

Multifractal analysis (MFA) of images has been shown to require fewer assumptions than
basic (mono)fractal analysis, allowing for the complexity or so-called roughness to change
in different ways at different scales, and is useful in a variety of applications. The method
represents the global roughness or dimension of an image as a function of the local prop-
erties [96] or “singularities” [97], and results in a spectrum as opposed to a single value,
known as the multifractal spectrum (MFS). This gives a descriptive means for quantifying
the complexity and texture [98] in an image. MFA is suited for identifying edges [98] and
describing complexity in biomedical images (see [99, 100], for examples). The majority
of this chapter focuses on MFA for distinguishing between retinal amyloid-laden deposits
associated with different pathologies.

The process begins by measuring some aspect of an image (known as a “capacity”) in
regions around each pixel. The change in the measurement as a function of the region
size is represented by a Hölder exponent α. These α label singularities within the image
[97], based on some capacity. The value of α is calculated for each pixel, generating a
Hölder image, or Hölder exponent map. The choice of capacity used in calculating α leads
to differently contrasted features as each is sensitive to particular types of singularities.
See figure 3.1 for Hölder images generated based on the same initial image using various
capacities [101]. For the capacity labelled maximum (hereafter shorthanded as max ), used
in this chapter, the greatest value in the region of size ε is determined, making max suited
for images with intensity-based contrast.

The Hölder image generated by calculating max can be thought of as a puzzle with
each piece being a subset of the original image that all have the same α. For each such
piece, the Hausdorff dimension is calculated (described below). This dimension is similar
to the traditional fractal dimension and can be thought of as a means of describing the
roughness of the piece. The MFA process thereby calculates a type of global complexity-
linked dimension for each of the different local types of textures distributed within the
image, generating a spectrum, known as a Hausdorff spectrum or more generally as an
MFS.

The Hausdorff dimension of a point is zero, a line is one, and so on [103, 104]. The
sets of interest are those that lie somewhere between lines and squares. The Hausdorff
dimension of a set is fairly complicated to calculate and the precise approach is described
elsewhere [105] and below.
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(a) RL map, scale in degrees

(b) Hölder exponent maps

Figure 3.1: Hölder exponents maps for the main capacities included with the Matlab
plugin FracLab by Lévy-Véhel et al [101, 102]. From these Hölder exponent maps, the
MFS is calculated by determining the Hausdorff dimension for the subset of the map with
a particular Hölder exponent value.
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Multifractal Spectra and Related Metrics

This chapter makes use of a suite of functions written for Matlab by Lévy-Véhel et al,
collectively called FracLab [101, 102]. The method used in estimating the Hausdorff di-
mension in FracLab is not explicitly stated in the plugin’s documentation but the authors
have confirmed that their Hausdorff dimension calculation is based on the method in [105].
Others have cited [106] but this resource is not readily available for review. FracLab has
been cited for its use in many applications, including breast cancer anomaly detection
and segmentation [100, 107] and characterization of the maternal placenta surface [99].
Comparisons of different MFSs can be helpful in finding quantitative means of describing
differences [99, 108]. The following statements outline the premise behind the calculation
of the Hausdorff dimension, as per [105], for an arbitrary object. To calculate the Haus-
dorff dimension, one begins by considering some countable (finite) balls that can cover the
object without overlap. There is an upper limit on the size s of balls that can be chosen,
but not a lower limit. The lowest value for the sum of the diameters U of the n balls
(when the upper limit of s is set to ∞), raised to some power q, is the Hausdorff content
Hq
s (equation 3.1 [105]).

Hq
s = inf{

n∑
i

|Ui|q} (3.1)

where inf means to take the infinum of the sum, which in this context is effectively the
minimum - the smallest sum of qth powers of Ui for a countable cover of the object. For a
particular s, the Hausdorff dimension is the value of q at which Hq

s switches from infinite
to zero and is labelled herein as F . For q below the Hausdorff dimension, Hq

s is infinite,
and for q above the Hausdorff dimension, Hq

s is 0. This is similar to trying to measure
some quantity with a tool that is “thicker” or “thinner” than the object for which the
measurement is taken [109] (i.e. the length or volume of a square). In such a case, since
F = 2 for a square [110], one would find that the q = 1 Hausdorff content of a square
is infinite, and the q = 3 Hausdorff content of a square is zero. Sets fully contained in
two-dimensions with more intricacy or complexity tend to have greater F , and are within a
range spanning from the Hausdorff dimension of a point to that of a square, or equivalently
0 < F < 2.

The Hausdorff spectrum is calculated in FracLab by estimating F of the subset of an
image covered by pixels with each unique Hölder exponent. FracLab groups all of the
values into one of fifty evenly spaced bins in the inclusive range between the highest and
lowest nonzero Hölder exponent values. The positions associated with pixels whose values
are within a particular bin are treated as a mask. The F is calculated for this mask and
then stored as the value of the spectrum at that particular bin of α. Consider figure 3.2.
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The α map associated with the max measurement has been binned, and the value at each
point is replaced by F , to illustrate which types of image features correspond to particular
F . The final MFS is a plot of F against α, representing the relationship between the local
and global properties of the image.

Figure 3.2: Map of Hausdorff dimensions. These values are calculated by binning the
Hölder exponent map and then each pixel’s value is set to the F that is calculated for the
subset of the image that it belongs to, calculated using Hvec: 1:2:17, Svecmin of 1, and
the max capacity (defined in section 3.1.2).

3.1.2 Practical Multifractal Analysis of Images

Hölder Images, and MFS Peak-Related Metrics

In describing the multifractal properties of an image, it is first necessary to select a measure
µ. Some µ which can be chosen are known as Choquet capacities. These capacities
can be evaluated for a box of any size for a gray-scale image. Choquet capacities are
always increasing and regular [102] (e.g. the value found for the Choquet capacity, max,
should never decrease with larger regions, and remains regular). To calculate the Hölder
exponents, the max within a growing region around a pixel in an image was evaluated. For
some predetermined complete set Hvec (as in Vector of H ölder exponent region sizes) of
odd-numbered lengths in a range, square regions of each individual length ε are centered
around a particular pixel and then max is measured within each region. Let the smallest
and largest box lengths be Hvecmin and Hvecmax, respectively. The overall set of box
lengths can then be written as in equation 3.2, where the syntax a : b : c is interpreted as
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the values in the range between a and c incremented by steps of size b. See figure 3.3 for
an illustration of how max could be applied. In this figure, size represents ε.

Hvec = Hvecmin : 2 : Hvecmax (3.2)

After max has been calculated for each region around a particular pixel, the natural
logarithms of max are plotted against the natural logarithms of the region sizes. This is
used to model the power-law relationship between the measurement within the regions and
the sizes of the regions. A linear regression is used to estimate α [111]:

α =
log(µ(ε))

log(ε)
(3.3)

where α is the Hölder exponent at that pixel’s position. When the plot of log(µ(ε)) versus
log(ε) is poorly modelled by a linear trend, some inaccuracies may occur. In other box-
counting estimates of fractal dimension, the presumption of self-similarity leads to a region
within which a power-law relationship is only evaluated within the region in the log-log
plot that is most linear. No attempt was made in this chapter to directly detect the region
within the α-determining plot that is most linear before performing the regression. Some
tests were performed by varying the upper and lower bounds on the region size ε to control
the information used in the local calculation. These Hölder exponents are the x-axis of the
MFS, and the Hausdorff dimensions provide the y-axis.

In addition to MFA, this chapter will briefly describe results related to tests involving
another popular measure of complexity in image analysis, entropy. The entropy E of an
image I is given (in Matlab [112]) by:

E(I) = −
∑

pilog2pi (3.4)

where pi is the probability of the ith binned value in the image’s histogram. E is a measure
of texture and variability across I [113].

3.1.3 Live-Eye Imaging Consideration

Our group is actively collaborating with our industry partners to develop a live-eye imag-
ing device, a confocal scanning laser ophthalmoscope equipped with polarimetry. The
polarization-sensitive scan will allow for the detection and counting of deposits by their
polarization signals. Resolution in such a live-eye scan cannot be improved much beyond
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(a) Illustration of a sample α calculation, based on the max capacity, for a
pixel in a RL map.

(b) Plot from which α is calculated.

Figure 3.3: Illustration of the calculation of the Hölder exponent for a particular pixel in
a RL map, using the max capacity.
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10-15 µm without adaptive optics. This chapter will describe the analysis of ex vivo dif-
ferences in fractal dimensions (through MFSs) associated with AD disease severity, AD
versus age-related macular degeneration (AMD), and briefly AD versus other single diag-
noses. Tests will then be performed to evaluate whether any differences are still within
detection limits at resolutions that would be suited for live-eye imaging.

3.2 Methods

3.2.1 Main Test Groups

Several different test groups were considered for the MFA, with the aim of providing mean-
ingful insights into differences in complexity and texture that could distinguish between
deposits from two different groups. According to NIA-AA guidelines ([69]), the sever-
ity of AD pathology is determined from brain pathology based on Braak stage, neuritic
plaques, and Thal phase. It has been previously shown that the number of presumed
retinal amyloid-β deposits is significantly correlated to neuritic plaques, Thal phase, and
overall score of severity, but not to Braak stage (related to tau protein) [54].

Three comparisons were performed in this study of retinal deposits: 1) those in ante-
rior retinal layers associated with moderate severity of AD brain pathology versus those
associated with high severity; 2) retinal deposits in anterior layers, assumed to be asso-
ciated with AD with those in posterior layers, assumed to be associated with AMD and
3) anterior retinal amyloid deposits from those with AD compared to those with non-AD
Neurodegenerative diseases (NDDs).

3.2.2 Numbers of Retinas and Retinal Deposits Imaged by Group

For the main group comparisons described below 12 retinas from 12 individuals with only
AD (who may have also had CAA and/or CVD) were prepared. From these retinas, one
subset of deposits in the anterior layers of the retina (59) was associated with intermediate
severity of AD brain pathology and compared with the other subset of deposits in anterior
retinal layers (297) which were associated with high severity of AD brain pathology. In the
second study, the total number of anterior deposits (356, assumed to be AD associated)
were compared to deposits in posterior layers (87, assumed to be AMD associated). In
the third study, the total number of retinal deposits in anterior layers which were associ-
ated with AD brain pathology (356) were compared to anterior deposits (128) from five
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retinas with brain pathology associated with non-AD-NDDs; from individuals without AD
or CAA and each with one of amyotrophic lateral sclerosis (ALS), multiple system atro-
phy, frontotemporal lobular degeneration-TDP (FTLD-TDP), ALS associated with TDP,
and FTLD-TDP type-C. See section 2.2.1 in chapter 2 for retinal dissection and staining
protocols.

3.2.3 Statistical Analysis Comparing Groups

The average of polarization properties and properties of their multifractal spectra described
below were calculated across deposits within the different groups described above. Cal-
ibrations that would optimize statistical significance of differences between MFSs of the
different groups were explored by repeating the statistical tests for a series of varied settings
in the MFS calculations, in each of these comparisons. All between group comparisons were
performed using Kolmogorov-Smirnov (KS) tests and Wilcoxon tests.

3.2.4 Polarimetry of Retinal Deposits: Imaging Protocol

A Nikon Eclipse Ti-U inverted transmission microscope was equipped with a complete
polarimeter (illustrated in figure 3.4) to perform the polarimetric measurements of each
deposit and classify deposits as located in anterior or posterior layers. The polarization
state generator (PSG) consists of a linear polarizer and a rotating quarter wave plate. The
polarization state analyzer (PSA) is the same as the PSG with the components in reverse
order. Calibration is needed prior to imaging. Illumination levels are set so that only a few
pixels in the brightest image are saturated (so that all images will be fully described by the
same set of levels). Objects (presumed to be deposits) that were too large to be captured
in a single field at 40X were omitted from the analyses in this chapter. Rotating the PSG
to four different angles generates four states that are far apart on the Poincaré sphere (a
coordinate space in which all possible polarization states of light can be mapped [114]). For
each of these angles, the PSA can be rotated to four different angles to analyze the signal
that exits the sample (16 combinations). This leads to 16 images which are registered
(using a customized version of a phase correlation method in the Fourier domain, prepared
by Erik Mason [115]). The registered images are used to calculate the Mueller matrix
associated with each pixel, by means of equation 1.3.

Recall that the polarization signals used in this chapter are described in chapter 1. Some
polarization signal calculations can produce non-physical values. RL(x, y) can be infinite
for a pixel if RT is exactly 180 degrees. To avoid issues in the MFA in the uncommon event
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Figure 3.4: Diagram of polarimeter used in the measurement of the Mueller matrix.
PSG → polarization state generator; PSA → polarization state analyzer; P1, P2 →
stationary linear polarizers; λ/4 → rotating quarter wave plates; S → sample; CCD →
charge coupled device; PC → monitor. Please note that P1 and P2 illustrated in this
figure are unrelated to p1 and p2 which are used below to describe MFSs
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that this happens, pixels with infinite values were set to 0, which would not have a major
impact on the max capacity calculation. Though the case of infinite RL was accounted for,
there were cases with finite RL greater than π which were not accounted for. The impact
of this is discussed below. The polarimetry results and images used in this chapter were
collected previously for another study, and now exists in a database shared by the group.
Of the deposits that were imaged, some extended across multiple microscope fields. This
chapter only included deposits that were fully enclosed within a single microscope field.
Any deposits longer than ≈ 260 µm were excluded this study.

The mean polarization signals for deposits in each of the groups described in section
3.2.1 were calculated by applying masks which were based on the segmentation method
created by Mason [115]. Some masks contained artifacts, likely due to dust in the imaging
system. These small artifacts were removed3.

Anterior deposits are characterized as those that begin in the anterior-most third of
the retina, determined by features when visible and position of focus. Posterior deposits
are those that form below the anterior layers.

3.2.5 Confocal Imaging Protocol

See section 2.2.2 in chapter 2 for the general description of sample preparation techniques.
Confocal images of retinas from seven subjects with AD (six of which were included in the
group of 12 on which polarimetric imaging was performed) were analyzed. For the textural
analysis of multiple z-stacks of the same deposit, the rotatable scanning module within the
LSM 700 was used to acquire z-stacks with six different orientations. These z-stacks were
summed along the z-direction to create projections of the stacks into 2D images, for which
the MFA results were compared.

3.2.6 Multifractal Analysis

The process described in section 3.1.2 is used to calculate the Hölder exponents for each
pixel in each of the RL maps (or in the projection of confocal z-stack, for example), with
the exception of pixels close to boundaries. Pixels separated from any image boundary
by less Hvecmax

2
are not included because calculation of α therein would require knowledge

of pixels beyond the boundary of the image. Though it is a subtle step in the MFA, this

3This may have resulted in a few miscalculated masks, but only with small deposits that had low
signal-to-noise ratios, which should be rare occurrences.
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disregard for the pixels closest to the boundaries of the image can lead to some artificial
points in the spectrum.

The sensitivity of the calculated MFS spectrum to changes in the Hölder exponent
and Hausdorff dimension calculation parameters was tested. See figure 3.5 for instances in
which the MFS is calculated under various settings for the region sizes used in calculating
the Hölder exponents. Increasing Hvecmin and decreasing Hvecmax both led to broader
MFSs, and loss of inflection between peaks in the spectra, which eventually leads to the
erosion of the second peak altogether. For this reason, tests were performed to evaluate
which values of Hvecmin and Hvecmax optimized the degree of differences between MFSs
of several deposit groups (as detailed below).

After the Hölder exponent maps are prepared, the lower bound of the region size used in
calculating F is needed. Recall that in equation 3.1 the upper limit of ball diameters is set
to∞, but such a condition is unreasonable for digital image analysis. Hence, a discrete set
of values are considered for the ball diameters, Svec. In FracLab the upper limit, Svecmax,
is set as the smaller of 32 and 1

4
of the smallest dimension in the image (rounded down).

The images considered in this chapter are all larger than 128 x 128 so Svecmax is set to 32.
However, unlike the theoretical case, estimating the F of an image cannot involve balls of
non-integer diameters, or diameters less than one. Instead, a minimum value Svecmin for
the calculation is set as a variable in FracLab, with 1 being the ultimate lower bound. Svec
is defined as the set of odd numbers between Svecmin and Svecmax, inclusively (equation
3.5). Increasing Svecmin generally flattens the background signal, and the resultant first
peaks in the MFSs broaden. Similar to the tests performed by changing Hvec, other
tests were performed by using different Svecmin to determine if some differences in MFSs
associated with deposits from compared groups were exacerbated in this way (see figure
3.6 for an example4).

Once the entire MFS has been calculated, the challenge is to extract meaning from
the resultant spectrum. A series of metrics were considered that described the shapes of
the MFSs, and provided insight into the complexity of the RL maps (which are treated as
images in this analysis).

Svec = Svecmin : 2 : Svecmax (3.5)

These metrics are:

4The maps of F have been cropped to make the differences more visually obvious, and the range shown
in the plot is abbreviated for a similar, yet separate, reason.
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Figure 3.5: MFSs calculated for a particular deposit with six different sets of constraints
on Hvec, with Svecmin set to 1, and the max capacity. Similar variations of Hvec were
considered in some of the statistical group comparisons described below.
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Figure 3.6: Maps of F, as in 3.2 based on different values for Svecmin, and corresponding
MFSs, calculated with Hvec: 1:2:17 and the max capacity. Similar variations of Svecmin
were considered in some of the statistical group comparisons described below.
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• x1 → the Hölder exponent associated with peak 1 (the most prominent peak of the
spectrum)

• w1 → the full width at half max of peak 1

• p1 → the prominence of peak 1

• skewness5 → measure of the extent to which the probability distribution of the spec-
trum is lopsided or skewed relative to a symmetric distribution, the 3rd moment of
said distribution

• kurtosis5 → measure of the tailedness of the probability distribution of the spectrum,
the 4th moment of said distribution

• MFE → multifractal energy6; the trapezoidal integral of the MFS, a rough approx-
imation of the area underneath the MFS.

• MFR → the difference between the greatest and lowest α bin values

Skewness and kurtosis are calculated based on a probability distribution based on fre-
quencies of the F values in the MFS. In cases where there are at least two peaks in the
spectrum, the following metrics are also considered:

• x2 → the Hölder exponent associated with peak 2 (the second most prominent peak
of the spectrum)

• w2 → the full width at half max of peak 2

• p2 → the prominence of peak 2

• peak sep → the difference in the α of the peak 1 and peak 2

• peak ratio → the ratio F (x1)
F (x2)

• prom ratio → the ratio p1
p2

• width ratio → the ratio w1
w2

5These measurements are bias corrected, so that the systematic bias related to the number of points in
the spectrum is irrelevant

6This measurement is not equivalent to the multifractal energy described by Xiong et al [116], but was
inspired by their work.
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The prominence and width of a peak can be understood graphically (see figure 3.7 for
labelled MFSs before and after smoothing). The prominence is the minimum separation
along the vertical axis that separates a peak from a neighbouring point of upward curvature.
By default, the widths of the peaks are defined by Matlab [112] as the horizontal separation
of two points that intercept a peak at a vertical distance below the summit of half the
peak’s prominence, equivalent to the “full width at half maximum”. To mitigate spectral

Figure 3.7: Sample MFS with labelled features.

noise and limit the influence of outliers on the peak detection, a smoothing algorithm (see
figure 3.7) is applied. A Savitzky-Golay filter was used, which is a moving average filter.
The extent of the filtering is evaluated for different points based on a linear least squares
regression, without weights, and a polynomial fitting model (cubic in this case). The width
values were stored as the number of bins of Hölder exponents spanned by the peak. Hence,
since the Hölder exponent maps are binned into 50 levels, peak widths w1 and w2 are
between (0,50]. The width ratio for any peak still holds the same scalar value it would
have otherwise. It is also worth mentioning that there are many other manners in which
the MFS could be compared, but only a subset were chosen as descriptors for this analysis.

For all MFA in this chapter (other than the depth-resolved MFA in section 3.2.8), only
RL signals were chosen because they were previously shown to provide the strongest con-
trast, meaning structural information about the deposits is well understood through RL

maps. The RL maps were not segmented for the MFA calculations because the segmenta-
tion method used [115] might smooth the roughness of boundaries between deposits and
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retinal surround. The mean polarization signals (associated with each of the metrics in
table 1.1) are calculated across the deposits using the segmentation method by Mason [115]
with the modifications described in section 3.2.4. Green contours overlaying polarization
signal maps indicate the boundaries of the masks used in calculating the mean signals,
which were purposefully set to overestimate the boundaries.

3.2.7 Testing Resilience against Transformations and Different
Resolutions

Several aspects of MFA’s resiliency to basic transformations were tested. These included
comparisons of MFSs associated with: (1) digitally resampled RL maps (to simulate lower
magnifications which may be achievable in the live-eye device), (2) RL maps calculated
using images taken with various magnifications (to directly identify differences between
MFS associated with various objectives and to complement the digital method), (3) z-
stacks imaged with different resolutions and resampled, and (4) z-stacks of a single deposit
with different orientations (in the en face plane). Both (3) and (4) are addressed in
appendix A.

In the Matlab script used for the multifractal calculation, imresize was applied to each
RL map (taken with a 40X objective) twice. Using the nearest approach, the RL maps were
first shrunk by some factor, reducing the number of pixels and also the size of the image.
Then the images are enlarged by the reciprocal of said factor, using “nearest-neighbour
interpolation”. The purpose of the enlarging that follows the initial loss of information
is to ensure that all image dimensions remain approximately unchanged. This is critical
because changes in the number of pixels would significantly impact the calculations of both
α and F . This process of shrinking and enlarging the RL maps was repeated for scaling
factors between 10-90%, with an additional test at 1% (equivalent to 100x0.16 µm = 16
µm resolution).

Images taken with different objective magnifications: 4X, 10X, 20X, and 40X, were
also compared. RL maps of the 4X, 10X, and 20X objectives were enlarged and then
cropped so that the fields covered nearly the same regions as the 40X RL map. Thus,
the effects of a change in optical resolution will be assessed, independent of other factors
such as pixel resolution. After resizing, the approximate center of the deposit was labelled
manually using a graphical data-point selection in Matlab [112]. The offset between the
coordinates of the selected location and the true center were used to translate the RL map.
Afterwards, each of the maps taken at an objective O were cropped to regions of the same
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extent, specified by equation 3.6:

xOcrop = xO
⌊

1

2
(1± MO

40
)

⌋
(3.6)

where xOcrop is the width of the RL map generated based on images taken with O after
cropping, xO is the width before cropping, MO is the magnification of objective O, and
bV c for some arbitrary value V is the floor of V (i.e. rounded down to the nearest integer).
The equivalent expression holds for the bounds on the height of the cropped image. See
section A.7 in appendix A for the derivation of equation 3.6.

3.2.8 Depth-Resolved Multifractal Analysis

Studying the slices of a z-stack was used as a means for assessing depth-dependence of
deposit texture for the purpose of determining whether there might be a range of depth
within deposits that produces similar MFSs. Depth-resolved fluorescence images of anterior
retinal amyloid deposits were acquired using CSLM. Observations of various depth-resolved
MFSs in association with corresponding z-stacks were used to give insight into the depth
variation of features of the MFSs. Two z-stacks of the same deposit were taken with
different voxel dimensions (0.44 µm and 1 µm, respectively) and the corresponding depth-
resolved MFSs were compared as an additional test of the robustness of MFA to changes in
lateral and depth resolution. The latter of these was resized (using the imresize3 function
in Matlab [112]) along all three dimensions by a factor of 1/0.44 (i.e. the ratio of the voxel
sizes), using the nearest neighbour method of interpolation.

3.3 Results

3.3.1 Group Comparisons

As described in the Methods, MFA was applied to the groups described in section 3.2.1
to determine whether MFA would reveal textural differences between the respective RL

maps. Mean deposit values for each of the polarization signals listed in table 1.1 were also
used to differentiate groups.
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Comparison of High and Intermediate Severity of AD Brain Pathology

The anterior deposits assumed to be associated with AD, were further categorized by
their associated severity of AD brain pathology (based on NIA-AA guidelines) to deter-
mine whether MFA could be used to distinguish between these groups. A preliminary test
was performed for the different AD severities (figures 3.8 and 3.9). From early analysis,
the metrics most likely to separate the two groups were those related to spectrum width.
Deposits that exemplify these differences in their MFSs were chosen for figures 3.8 (inter-
mediate severity of AD pathology) and 3.9 (high severity of AD pathology). Deposits with
intermediate severity of AD pathology had MFSs with much broader width. The MFSs
shown were calculated with Svecmin at 1 and Hvec = 1, 3, meaning only two very small
region sizes were used to do the Hölder exponent calculations. Though the separation is
still strong for larger Hvecmax values, low Hvecmax gives the most significant p-values,
indicating that considering highly local texture improves results.

The tables of results below are presented with insignificant p-values replaced by dashes.
In total, 14 MFS-related metrics were considered for the comparison of deposits associated
with AD versus presumably AMD, and for each metric tested, 17 different sets of MFA
parameters were used in producing the associated MFSs. The Bonferroni corrected signif-
icance threshold was thus 0.05

14∗17
≈ 0.0002.

Statistical Results

The deposits associated with different severities of AD brain pathology were most sig-
nificantly separated for low Hvecmax. This implies that the textural features presenting
differences (at least as measured by MFE and MFR) are on smaller scales than the tex-
tural features that distinguish AD from AMD deposits. It is x1 (which represents the
position of the most prominent peak in the MFS) that seems to be the metric most robust
to changes in parameters in this comparison, being highly significant for all tested values
in Hvecmax when Hvecmin = 1. Results for MFE, MFR, and x1 all appear to be highly
significant for all tested values of Svecmin when Hvec = 1 : 2 : 17.

Polarimetry Results

The results of the statistical tests which compared the averages and cumulative distribu-
tions of polarimetry-based metrics for the anterior deposits associated with high and in-
termediate severities of AD are shown in table 3.3. All metrics with differences in at least
one of the statistical tests that were significant below the Bonferroni corrected threshold of
0.05/24 ≈ 0.0021 are presented. DT , diattenuation, is the polarization metric associated
with the greatest separation between deposits from subjects with intermediate and high
severities of AD. Deposits associated with high severity of AD pathology had greater DT .
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Figure 3.8: RL maps for six deposits in retinal tissue samples from subjects with interme-
diate severity of AD pathology. A-C are from a single retina and D-F are from another.
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Figure 3.9: RL maps for six deposits in retinal tissue samples from subjects with high
severity of AD pathology, each from a different retina.
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Table 3.1: Wilcoxon 2-sided p-values associated with multifractal peak-related metrics for
the comparison of deposits associated with different severities of AD; dashes are shown
in place of p-values that were not significant below the Bonferroni corrected threshold of
≈ 2 ∗ 10−04.
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Table 3.2: KS asymptotic p-values associated with multifractal peak-related metrics for the
comparison of deposits associated with different severities of AD brain pathology; dashes
are shown in place of p-values that were not significant below the Bonferroni corrected
threshold of ≈ 2 ∗ 10−04.
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Metric p2WIL pKSA
x - 4.24E-05
RT 4.36E-04 1.96E-04
RC - 3.46E-05
PT 7.78E-09 5.60E-07
PL 3.60E-08 7.29E-07
PC 8.42E-08 3.72E-08
DT 2.68E-13 0
DL 7.34E-07 9.15E-08
DC 9.43E-06 4.84E-09
AT 2.51E-06 5.50E-06
Aθ 7.32E-05 4.41E-04
AC 7.08E-07 3.43E-07

Table 3.3: P-values associated with polarization signals for separating deposits from sub-
jects with intermediate and high severity of AD pathology. p2WIL corresponds to a 2-sided
Wilcoxon p-value, and pKSA corresponds to an asymptotic Kolmogorov-Smirnov p-value.
Values that were not significant below the Bonferroni corrected threshold of 0.0021 are
replaced with dashes.
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Deposits in more advanced stages of the disease might have a greater tendency to attenuate
polarized light with some preferential axis, which could indicate those deposits are more
packed, ordered, and/or thicker than those in moderate severities. However, as previously
found by our group for retinal amyloid deposits, average diattenuation in both groups is
small. In the DT maps (figures 3.10 and 3.11), background signals around deposits as-
sociated with intermediate severity of AD pathology are lower than in the high severity
deposit maps. For each of the properties whose means and KS distributions are different
with disease severity, the distributions of the means across deposits overlap.

Figure 3.10: DT maps for six deposits in anterior layers of retinal tissue samples from
subjects with intermediate severity of AD brain pathology. Green contours represent the
boundaries of the masks used in calculating the mean polarization signals, and were based
on the Euclidean distance image method by Mason [115]. Note that although the mean
values differ significantly, between groups, the individual values overlap.

Anterior and Posterior Deposits

For the application of distinguishing between deposits that formed in the anterior layers,
presumed to be associated with AD, and posterior layers of retinas, presumed to be asso-
ciated with AMD in ex vivo AD human tissue, tests were performed to determine which
metrics best separated the groups, and under which MFA parameters the separation was
optimized, based on Wilcoxon and KS tests.
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Figure 3.11: DT maps for six deposits in anterior layers of retinal tissue samples from
subjects with high severity of AD brain pathology. Green contours represent the boundaries
of the masks used in calculating the mean polarization signals, and were based on the
Euclidean distance image method by Mason [115].

Before proceeding with the statistical analysis, some qualitative comparisons were per-
formed to acquire a sense of which of the multifractal metrics would most aptly characterize
differences between deposits that form in the anterior and posterior retina (see figures 3.12,
3.14, and 3.13). The properties of all of the anterior deposits were compared to all of the
posterior deposits. The tables of results below are presented with insignificant p-values re-
placed by dashes, based on comparisons of 14 MFS-related metrics and entropy E, through
17 different sets of MFA parameters, of deposits presumably associated with AD versus
those presumably associated with AMD. The Bonferroni corrected statistical significance
threshold was nearly the same as in the comparison of deposits associated with different
severities of AD brain pathology, 0.05/(15 ∗ 17) ≈ 0.0002.

Statistical Results

The statistical differences between the deposits associated with AD and those presumably
associated with AMD were significant for a range of calibrations (in the MFS parameters)
for several metrics. From the Wilcoxon tests, several metrics, including the peak-width
related metrics, were highly significant (p < 0.00001) with Hvecmax = 17 and higher. This
was also true for low values of Hvecmin and Svecmin. In the results of the Kolmogorov-
Smirnov tests, highly significant p-values were again found for high values of Hvecmax
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Figure 3.12: RL maps for six deposits with well-defined boundaries, located in the anterior
layers of various retinal tissue samples. The settings used for this figure’s MFSs as well
as those in 3.13 and 3.14 were Hvecmin = 3, Hvecmax = 29, Svecmin = 3, capacity: max ;
kurt denotes the kurtosis as defined earlier in this chapter. Although the means of kurtosis
for the anterior deposits are significantly different from those for posterior deposits, their
values overlap.
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Figure 3.13: RL maps for six deposits with poorly-defined boundaries, located in the
anterior layers of various retinal tissue samples, kurt denotes the kurtosis as defined earlier
in this chapter. Although the means of kurtosis for the anterior deposits are significantly
different from those for posterior deposits, their values overlap.
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Figure 3.14: RL maps for six deposits with well-defined boundaries, located in the posterior
layers of various retinal tissue samples; kurt denotes the kurtosis as defined earlier in this
chapter. Although the means of kurtosis for the anterior deposits are significantly different
from those for posterior deposits, their values overlap.

70



Hvecmin, Hvecmax, Svecmin

Kurtosis

Skewness

PeakRatio

PeakSep

PromRatio

WidthRatio

x1

x2

w1

w2

p1

p2

MFE

MFR

1,5,1
1.E

-06
1.E

-06
-

-
-

-
-

3.E
-05

-
-

-
8.E

-05
3.E

-07
2.E

-05
1,11,

1
3.E

-06
-

1.E
-06

6.E
-05

9.E
-06

3.E
-07

7.E
-08

2.E
-05

2.E
-05

1.E
-04

-
4.E

-06
1.E

-04
-

1,17,1
8.E

-05
-

2.E
-07

4.E
-05

4.E
-08

5.E
-11

2.E
-08

1.E
-05

3.E
-07

4.E
-07

-
3.E

-08
-

-
1,23,1

-
-

9.E
-07

-
4.E

-08
2.E

-10
2.E

-08
1.E

-04
3.E

-08
2.E

-06
-

2.E
-08

-
-

3,11,1
4.E

-10
3.E

-06
6.E

-05
-

-
-

-
-

-
-

-
2.E

-04
-

-
3,17,1

1.E
-09

-
2.E

-04
-

1.E
-04

1.E
-05

2.E
-05

-
8.E

-08
-

-
-

-
-

3,23,1
4.E

-06
-

-
-

-
4.E

-10
3.E

-08
-

2.E
-10

-
-

-
-

-
3,29,1

1.E
-04

-
-

-
-

5.E
-08

3.E
-08

-
2.E

-11
-

-
-

-
-

3,35,1
-

-
-

-
-

1.E
-07

1.E
-08

-
1.E

-11
-

1.E
-04

-
-

-
5,11,1

9.E
-09

-
-

-
-

-
-

-
-

-
-

-
-

-
5,17,1

3.E
-09

-
-

-
-

-
-

-
-

-
-

-
-

-
5,23,1

1.E
-06

-
-

-
-

-
-

-
1.E

-05
-

-
-

-
-

1,11,3
9.E

-07
-

8.E
-05

3.E
-05

2.E
-06

1.E
-07

1.E
-05

2.E
-05

7.E
-06

3.E
-05

-
5.E

-06
6.E

-05
-

1,17,3
2.E

-05
-

3.E
-07

1.E
-05

2.E
-09

1.E
-10

1.E
-08

5.E
-06

2.E
-07

2.E
-07

-
2.E

-08
-

-
1,23,3

2.E
-04

-
4.E

-08
1.E

-05
2.E

-09
3.E

-11
2.E

-08
2.E

-06
1.E

-08
2.E

-07
-

1.E
-08

-
-

1,17,5
2.E

-06
-

3.E
-06

6.E
-06

2.E
-08

6.E
-10

2.E
-06

2.E
-06

1.E
-06

2.E
-07

4.E
-05

4.E
-07

-
-

1,17,7
3.E

-07
-

5.E
-07

6.E
-07

1.E
-07

4.E
-05

-
9.E

-08
-

-
2.E

-04
2.E

-06
-

-

Table 3.4: Wilcoxon 2-sided p-values associated with multifractal peak-related metrics
for the comparison of deposits in the anterior and posterior layers of the retina; dashes
are shown in place of p-values that were not significant below the Bonferroni corrected
threshold.
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Table 3.5: KS asymptotic p-values associated with multifractal peak-related metrics for the
comparison of deposits in the anterior and posterior layers of the retina; dashes are shown
in place of p-values that were not significant below the Bonferroni corrected threshold.
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Metric p2WIL pKSA
x 5.67E-06 2.90E-06
t - 3.67E-04
b 8.40E-07 1.21E-05
T 1.23E-12 5.53E-11
RT 3.01E-05 3.19E-04
RC 6.13E-07 2.56E-06
PT 4.43E-06 1.07E-08
PL 8.20E-06 1.37E-08
PC 6.44E-07 2.54E-06
DT 1.45E-05 8.58E-04
Dθ 1.27E-05 2.51E-05
DC 3.78E-07 1.16E-06
AT 1.13E-04 2.16E-04
AC 1.30E-03 6.61E-05
A∗ - 4.98E-05

Table 3.6: P-values associated with polarization signals for separating anterior and poste-
rior deposits. p2WIL corresponds to a 2-sided Wilcoxon p-value, and pKSA corresponds to
an asymptotic Kolmogorov-Smirnov p-value. Values that were not significant below the
Bonferroni corrected threshold of 0.0021 are replaced with dashes.

and low values of Hvecmin. These tests had less sensitivity to changes in Svecmin than
the Wilcoxon tests, remaining highly significant in multiple metrics for Svecmin = [1, 7].
Note that E was also measured for each of these deposits but means for these two groups
were not significantly different on average for these two groups, with p2WIL and pKSA both
> 0.001 which is greater than the Bonferroni corrected significance threshold of ≈ 0.0002.

Polarimetry Results

Several polarization signals were able to separate in the KS statistics, however fewer were
able to separate in both statistical tests. The metrics associated with the most significant
separations (with p-values less than 10−5) are listed in table 3.6 below, as are the associated
p-values (reported by SAS [117, 118]). The p-values (table 3.6) for mean T are the most
significant, with p2WIL < 10−12 and pKSA = 0. This difference is not apparent from the
T maps shown for anterior and posterior deposits in figures 3.15 and 3.16. The mean
transmission values for the deposits in the different groups overlapped. Posterior deposits
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Figure 3.15: Transmission maps for six deposits in anterior layers of retinal tissue samples
from subjects with AD. Green contours represent the boundaries of the masks used in
calculating the mean polarization signals, and were based on the Euclidean distance image
segmentation method by Mason [115].
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Figure 3.16: Transmission maps for six deposits in posterior layers of retinal tissue samples
from subjects with AD, presumably associated with AMD. Green contours represent the
boundaries of the masks used in calculating the mean polarization signals, and were based
on the Euclidean distance image segmentation method by Mason [115].
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Figure 3.17: RC maps for six deposits in anterior layers of retinal tissue samples from
subjects with AD. Green contours represent the boundaries of the masks used in calculating
the mean polarization signals, and were based on the Euclidean distance image method by
Mason [115].
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Figure 3.18: RC maps for six deposits in posterior layers of retinal tissue samples from
subjects with AD, presumably associated with AMD. Green contours represent the bound-
aries of the masks used in calculating the mean polarization signals, and were based on
the Euclidean distance image segmentation method by Mason [115].
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Figure 3.19: Linear polarizance (PL) histograms for deposits associated with AD brain
pathology and those presumably related to AMD, illustrating the overlap between the two
sets of values associated with the respective groups of deposits. Note that the values of each
bin in either histogram is represented here as the ratio of the number of observations within
that bin to the total number of observations for that group, as a means of normalizing the
proportions of deposits with particular PL values. Both mean values and distributions of
values are significantly different.

have significantly lower mean transmission values than anterior deposits.

There is a difference on average but some overlap in the examples shown in figures 3.17
and 3.18, which illustrate the RC signals from the same deposits as in figures 3.15 and 3.16.
The mean RC values for the posterior deposits are greater than those of anterior deposits
which have more values less than zero. After transmission, the three most significant pKSA
values were for circular signals. In the Wilcoxon tests, the three most significant p-values
were all based on polarizance signals. In spite of the highly significant statistical difference
between these groups of deposits and the others considered in this chapter, there was
still substantial overlap between the ranges of values observed for both groups, both in
polarimetry and MFA. See figure 3.19 for an illustration of this effect based on the results
for mean PL measurements of the deposits in both AD and AMD groups. The extent of
overlap in this case and other metrics considered in this chapter led to some consideration
of other techniques for increasing the extent of separation between compared groups of
retinal amyloid deposits.
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Alzheimer’s Disease and Other Neurodegenerative Diseases

The group of 356 AD associated deposits (which were the anterior deposits used in the
comparison of AD versus presumed AMD and intermediate severity of brain pathology
versus high severity) were used as a single group again and compared to 127 deposits
associated with other neurodegenerative diseases (NDDs). A few deposits whose MFS had
a single peak were excluded from some of the MFA statistics. Of the MFA metrics, those
related to peak-width provided the most significant statistical separation of deposits in
these two groups. Since similar metrics were well suited for the statistical separation of
AD versus AMD as well, an additional textural metric, entropy E (a non-MFA metric),
was calculated for each RL map in both groups. E was calculated using the built-in Matlab
entropy function [112] based on the expression shown in equation 3.4. Deposits associated
with non-AD NDD brain pathologies had statistically higher E than those associated with
AD brain pathologies, with p2WIL < 10−10 and pKSA < 10−08 both much less than the
Bonferroni significance threshold for the texture metrics of 0.05/15 ≈ 0.0033 (as there
were 14 MFS-related metrics as well as entropy that were used to compared textures of
the deposits associated with these two groups). Conversely, E was not different on average
for the deposits associated with AD brain pathology and deposits presumably associated
with AMD, with p2W IL and pKSA both > 0.001 and the associated Bonferroni corrected
threshold set to 0.05/(17 ∗ 15) ≈ 0.0002 (17 sets of MFA parameter configurations and the
same 15 measures of complexity).

Polarization signals differ between the groups much more significantly than the MFA
test that was performed. In particular, mean RL highly significantly separates AD brain
pathology associated deposits from non-AD NDD brain pathology associated deposits (see
figure 3.20). This might indicate differences in thickness and/or the birefringence properties
of the two groups, which in turn is plausibly connected to different structures and deposition
mechanisms. Recall that mean RL was not different on average between the deposits
associated with AD brain pathology and those presumably associated with AMD. Future
multivariate analysis could investigate whether the combination of MFS-related metrics,
E, and polarimetry, could distinguish between deposits associated with AD, AMD, and
non-AD NDDs simultaneously (see table 3.7).

3.3.2 Composite Metrics

Statistical tests revealed that both MFA and polarimetry distinguished between the key
groups. Combinations of metrics were considered briefly and showed promise for furthering
the extent of separation between key groups, which is of importance as values for several
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Metric p2WIL pKSA

x - 2.80E-04
t 1.51E-14 0
b 3.11E-13 3.56E-10
T 1.81E-23 0
RT 1.06E-21 0
RL 3.80E-55 0
RC 5.31E-16 0
Q - 7.33E-04
PT 3.72E-15 0
Pθ 4.88E-05 4.44E-08
PL 1.50E-14 0
PC 1.58E-15 0
DT 8.86E-18 0
Dθ 1.34E-11 2.97E-09
DL 4.94E-07 4.71E-06
DC 3.10E-21 0
DI - 2.50E-04
AT 3.12E-24 0
Aθ 1.64E-04 -
AL 2.34E-08 2.51E-06
AC 1.49E-20 0
A∗ 4.22E-15 0

E 3.43E-11 2.17E-09
kurtosis 2.73E-08 7.17E-09

peak ratio 7.74E-09 1.91E-07
peak sep 2.65E-03 8.52E-05

prom ratio 2.81E-06 2.15E-05
width ratio 2.44E-12 0

x1 3.42E-05 1.02E-05
w1 1.74E-11 5.23E-11
x2 2.45E-03 9.98E-05
w2 6.82E-07 3.42E-05
p2 5.44E-06 7.47E-06

Table 3.7: P-values associated with polarization signals and MFA peak-related metrics, for
separating deposits from subjects with AD (and possibly CVD and/or CAA) and those
from subjects with various single non-AD NDD pathologies. p2WIL corresponds to a 2-sided
Wilcoxon p-value, and pKSA corresponds to an asymptotic Kolmogorov-Smirnov p-value.
Dashes for the polarimetry metrics represent p-values that were not below the Bonferroni
corrected threshold of 0.0021 and in the MFA results the dashes represent p-values that
were not below the Bonferroni corrected threshold of 0.05/15 ≈ 0.0033.
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Figure 3.20: Histograms for mean RL of deposits associated with AD brain pathology and
other non-AD NDD brain pathologies. The darker orange region indicates overlap between
the histograms. Both the means and distributions of deposits differ.

of the tested metrics showed substantial overlap between compared groups. For instance,
deposits associated with AD brain pathologies were statistically separated from those asso-
ciated with other NDD brain pathologies by DT and MFS width ratio in different directions
(i.e. the “AD” group had higher DT and lower width ratios than group “non-AD”). There
is substantial overlap in the histograms associated with both metrics (figures 3.21a, and
3.21b). A composite figure-of-merit of width ratio divided by DT was calculated and is
shown in figure 3.21c. This figure-of-merit provided greater separation between the his-
tograms, and this approach could be considered in the future as a means of improving the
statistical differences between groups and developing more specific identifying metrics for
categorizing deposits based on their MFSs and polarization signals.

3.3.3 Resolution Tests

The results from the digitally reduced resolution tests are shown in figures 3.22a-3.22d.
Most of the p-value trends associated with peak-related metrics became less significant with
decreased rescaling factors (i.e. lower simulated magnification). This was expected because
the metrics are linked to texture and complexity, and lower rescaling factor meant less
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(a)

(b)

(c)

Figure 3.21: Illustration of histograms for the results of total diattenuation (DT ) and the
MFS width ratio. The AD group represents deposits from subjects that had AD brain
pathology and may have also had CVD and/or CAA, whereas the non-AD group were
deposits from subjects that had other non-AD NDD brain pathologies. The results in 3.21a
and 3.21b show substantial overlap in spite of statistically significant differences in means
and distributions between the AD and non-AD NDD groups. In 3.21c, the histogram
represents a figure-of-merit calculated by widthratio/DT which appears to separate the
histograms of the AD and non-AD NDD groups more substantially than either individual
metric.
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(a)

(b)

textural information was retained. Consider the MFSs shown in figure 3.23. As the scaling
factor decreases from 0.9 to 0.2, the MFSs broaden but are still very similar, especially for
α < 0.3 in this case. However, for the rescaling factor of 0.1, the inflection between the
two peaks in the MFS is effectively lost, and when the scaling factor is decreased further
to 0.01, the MFS produced does not resemble the other MFSs in the figure. With this
disconnect in mind, it is reasonable that most of the metrics behaved differently between
the smaller two rescaling factors than they did through the remainder of rescaling factors.
Other tests were performed based on RL maps taken with different objectives. These were
processed by first increasing the number of pixels corresponding to the deposit at lower
magnifications so that each RL map had roughly the same number of pixels describing the
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(c)

(d)

Figure 3.22: Plots of p-values as a function of rescaling factors for statistical tests that
compared MFS-related metrics related to anterior deposits associated with AD and poste-
rior ones presumably associated with AMD. The horizontal “Threshold” line represents the
Bonferroni corrected significance threshold. The metrics are shown in groups with similar
responses to the rescaling factor changes. RL maps were shrunken by the rescaling factor
to simulate having fewer pixels associated with the region enclosing the deposit, as would
be the case if the raw images were taken with a lower magnification objective. The RL

maps were then enlarged by the reciprocal factor to ensure that the final number of pixels
in each RL map was approximately the same, which is important for the MFA.
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Figure 3.23: MFSs created based on RL maps resized with different scaling factors. The
factors shown are those by which the RL maps were shrunken before being enlarged by
the reciprocal factor. This ensured that the pixel dimensions of the image were nearly
unchanged but information was still lost during the image-shrinking, simulating lower
magnifications. The spectra were calculated using Hvec: 1:2:17, Svecmin: 1, capacity:
max.
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deposits. Since the lower magnifications also cover a larger physical area within the retina,
they were then cropped so that their spatial dimensions were equivalent to those in the 40X
RL maps. See figure 3.24 for an example (as well as figure A.7 in Appendix A). The RL

Figure 3.24: RL maps calculated for a Mueller matrix based on images taken with different
magnifications (see figure labels), and the corresponding MFSs indicating the impact of
physically different resolutions. The factors shown are those by which the RL maps were
shrunken before being enlarged by the reciprocal factor. The spectra were calculated using
Hvec: 1:2:17, Svecmin: 1, capacity: max

maps associated with the 4X objective, and thus the most substantial interpolation (and
enlarging), generally had less smooth features, presumably due to a pixelization effect - an
artifact of the interpolation. However, the MFSs are very similar for the examples in figure
3.24, especially for α < 0.8. This may indicate that MFS related metrics that are more
heavily influenced by the low α portion of the MFS will be more robust for the live-eye
device. Across these tests it was observed that the sharpness of the peaks decreased with
lower objectives, with an apparent smoothing of the MFSs. Note that the raw data for 4X
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objective images corresponds to pixel dimensions of ≈1.6µm which is still much smaller
than the presumed optical resolution of a live-eye imaging device.

Other examples of MFS tests for RL maps taken using different objectives revealed
that in some cases the background features were visibly different in the lower objective RL

maps. This was likely due to major differences in depth of focus as the cellular structures
change with depth, and as described in chapter 2 so too can the structure of the deposit.

3.3.4 Depth-Resolved Multifractal Analysis

The differences in MFSs based on RL maps taken with different objectives was a substantial
motivator for the depth-resolved MFA. The primary intention of this was to study the
manner in which texture changes with depth within the FITC channel of several confocal
z-stacks, and also to determine whether there could possibly be a range of depth within
the deposit that produces similar MFSs.

For the deposit shown in figure 2.11a, the depth-resolved MFS of the FITC channel
(shown in figure 3.25) had interesting features, including a peak in spectrum width at slice
34. This sharp peak implies that the MFS becomes much broader within a narrow depth
region surrounding slice 34. Incidentally, the histogram of levels in the FITC channel, as
tracked by ZEN software, revealed that the width of histogram of FITC gray levels also
peaked in this region, either at slices 34 or 35 approximately. This implies, as one would
expect, that the slices with more grey levels tend to have the possibility for sharper image
singularities, and hence higher Hölder exponents.

The region associated with Hölder exponents greater than ≈ 0.25 in this case is the
portion of the spectra most likely to be substantially influenced by the finer details in the
z-stack. Within this region of broader α, there are a few consecutive slices with lower
Hausdorff dimension F . These slices also seem to correspond with the range in which
the textural features of the deposit are most well defined. Hence, this particular example
seems to contain a region of several slices with similar MFS around the depth in which the
deposit is best focused.

The deposit shown in figure 3.26b has its depth-resolved MFS shown in figure 3.27. This
deposit appears to be composed of several structures that might have coalesced into a single
deposit due to their proximity. The large scale structure of this deposit changed between
slices 25, 45, and 65 but in general, the texture of the deposit remained unchanged until
little of the deposit is visible (see figures 3.26a to 3.26c which illustrate several slices with
different features). These large scale structural changes may correspond with z-slices that
had broader MFS. For slices less than 70 in which the deposit is well-defined, the actual
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Figure 3.25: Surface representation of the MFS for each slice in the FITC channel of a z-
stack (see figure 2.11a); Hvec 1:2:17, Svecmin 1, capacity: max. Notice the dip in Hausdorff
dimension near slice 34.

Hausdorff spectra do not change dramatically, with the exception of the noted changes in
spectrum width. This suggests that though the features contained in the different layers
vary the overall texturedness and complexity of the deposit does not change substantially.

The depth-resolved MFS of the deposit shown in figure 2.13 was also analyzed. As
discussed in chapter 2, this deposit appears to bend around a vessel. Due to the lack of
symmetry in the z-direction, one might expect the associated MFSs to differ substantially
layer-to-layer. The depth-resolved MFS is shown in figure 3.28. The widths peak at slices
26 and 49, but the actual Hausdorff spectra associated with these slices and those between
do not vary substantially (figure 3.28), with the exceptions of a few slices that have notably
lower F (in the lower α regions of the MFS). The general smoothness of this MFS is likely
an indication of the continuity of texture across the deposit, in spite of the fact that
different portions of the deposit are visible in any particular slice.

There were cases in which deposits within the same retina had similar spectra but
this does not appear to be the norm. The deposits in figures 2.2 and 2.11d (in a retina
associated with AD) appear to be an example of deposits with similar MFSs (figures 3.29a
and 3.29b). Common features between these two depth-resolved MFSs include the regions
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(a) Slice 25 (b) Slice 45 (c) Slice 65

Figure 3.26: Slices from the z-stack associated with the depth resolved MFS in figure 3.27.

Figure 3.27: Surface representation of the MFS for each slice in the FITC channel of a
z-stack. Very little deposit is visible beyond slice 70 (see figure 3.26); Hvec 1:2:17, Svecmin
1, capacity: max.
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Figure 3.28: Surface representation of the MFS for each slice in the FITC channel of a
z-stack (see figure 2.13d for a 3D view in the en face direction); Hvec 1:2:17, Svecmin 1,
capacity: max.

associated with primarily background pixels (here shown in yellow). Also, the first peaks
in the spectra remain around the same width at different depths, and both have broadest
spread of Hölder exponents around slice 15-25 and minimum spectrum widths around slices
30-35.

Another two examples of deposits from a single retinal sample for which the depth
resolved MFSs are similar, are illustrated in figures 3.29c and 3.31. Again the range of
Hölder exponents that are present changes with depth in similar ways between the two
deposits. Beyond the spread of Hölder exponents, the first peak, or ridge in the context
of the three dimensional visual, changes in similar ways, with the peak broadening with
depth, but also shifts towards lower Hölder exponents around the 30th slice.

Contrary to the predicted behaviour, MFSs for deposits from the same retina are not
typically similar to this extent. More commonly deposits within a particular retina can
have different depth-resolved MFSs, with differing locations and extents of peaks. For
example, consider the deposits shown in figures 3.32a and 3.32b which are deposits with
visibly similar structure. Despite their macro-scale similarities, the depth-resolved MFSs
(see figures 3.33a and 3.33b) differ in most aspects. Though both spectra reach similar
ranges of Hölder exponent values (between 1.5 and 1.7), the deposit shown in figure 3.32a
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has broader spectra for most slices, whereas the deposit in figure 3.32b only has a few slices
with such broad spectra, implying only a few slices have this level of variance in texture.
Additionally, the deposit shown in figure 3.32a has a more clearly defined second ridge,
which extends through 25 slices as opposed to the other deposit which has a weaker set
of second peaks that are only distinct in approximately slices 10-15. One possible reason
for the broadness of the MFS of the deposit shown in figure 3.32a is evenness of the tissue
surrounding the deposit.

The analysis described earlier which compared the MFSs of deposits associated with
different pathologies indicated that there are similarities between deposits that share patho-
logical associations, so further analysis is required to determine how this is manifested in
the depth-resolved MFSs. The depth-resolved MFSs described herein were all calculated
using Hvec = 1 : 2 : 17 and Svecmin = 1, and have voxel sizes of 0.44µm as opposed to the
0.16µm pixels used in the polarimetry analysis. This depth resolved analysis could be re-
peated with the MFA settings for Hvec and Svecmin adjusted to account for the differences
of the pixel dimensions, so that it could be used to investigate depth-resolved properties
of textures on similar scales to those present in the polarimetry images.

Voxel Magnification Test

A test was performed to compare the depth-resolved MFSs of two z-stacks taken of the
same deposit with different voxel sizes. The spectra are shown in figures 3.34 and 3.35.
The difference in voxel dimensions and resampling process had a significant effect on the
crispness of the edges in the en-face projection belonging to the z-stack that was imaged
with 1.00 µm voxels. However, the MFSs are still strikingly similar, having peak spectral
widths at similar slices, and with similar F within each spectrum. This result of a larger
depth voxel agrees with the suggestion that the differences in MFSs for RL maps generated
for single deposits with different objectives were primarily due to differences in depth of
focus. In figures 3.34 and 3.35 the MFSs clearly change with depth. However, the rate
of change in MFSs associated with consecutive slices appears to be gradual and largely
continuous. This observation, paired with the similarities in the MFSs in spite of the
difference in initial pixel dimensions, suggests that the MFA described earlier for separating
deposits associated with different pathologies may be robust to changes in image depth,
and different foci.
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(a) (see figure 2.2) (b) (see figure 2.11d)

(c) (see figure 2.11f)

Figure 3.29: Surface representations of the MFS for each slice in the FITC channel of
z-stacks, with Hvec 1:2:17, Svecmin 1, capacity: max.
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Figure 3.30: Slice 38 of the z-stack associated with the depth-resolved MFS in figure 3.31.

Figure 3.31: Surface representation of the MFS for each slice in the FITC channel of a
z-stack (see figure 3.30); Hvec 1:2:17, Svecmin 1, capacity: max.

93



(a) (see figure 3.33a) (b) (see figure 3.33b)

Figure 3.32: Slice 20 of the deposits associated with the depth resolved MFS shown in
figures 3.33a and 3.33b, respectively. Note that both deposits have morphologies that may
be consistent with vessel-association (more obvious for the deposit on the right).

(a) (see figure 3.32a) (b) (see figure 3.32b)

Figure 3.33: Surface representations of the MFS for each slice in the FITC channel of
z-stacks, with Hvec 1:2:17, Svecmin 1, capacity: max.
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Figure 3.34: Depth-resolved MFSs for two z-stacks of the same deposit, 3D view.

Figure 3.35: Depth-resolved MFSs for two z-stacks of the same deposit, 2D view of 3.34
(from above); colours correspond to F .
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3.4 Discussion

3.4.1 Multifractal and Polarimetric Analyses of Different Patholo-
gies

In this chapter, it was shown that multifractal analysis and polarimetry had significantly
different average values between deposits associated with different severities of AD brain
pathology, with AD brain pathology and those presumably associated with AMD, and with
AD brain pathology and those associated with other NDDs. In this work, the statistical
differences in the averages of various MFS and polarimetric properties were assessed to
determine which properties might be useful in the future in giving a high accuracy of
classification of the deposits. The next step would be to perform such a classification
using multiple properties. Ultimately, the results of these group comparisons indicated
the potential for complexity/texture analysis and polarimetry as a means of distinguishing
between deposits associated with different pathologies.

3.4.2 Differences in Amyloid Deposit Properties with Severity of
Alzheimer’s Disease pathology

We have previously shown that the number of amyloid deposits is correlated with the sever-
ity of AD brain pathology, including overall pathology and amyloid pathology [54]. Here
we studied some of the retinas included in that study to determine if there are differences
in the properties of the individual deposits. The properties of retinal amyloid deposits
that were highly significantly different between individuals with an intermediate severity
of AD brain pathology and high severity of AD brain pathology were the MFS metrics
related to overall broadness of the spectrum and spectrum kurtosis and the polarimetry
metric total diattenuation. Similar to the analysis of the number of amyloid deposits in
the retina [54], the results of this chapter indicate that properties of individual retinal
amyloid deposits differ as a function of severity of AD brain pathology. The significant
difference in diattenuation with severity suggest either a change in structure of the deposits
that causes differential absorption of polarized light states. This is consistent with the ob-
servation that there is also a statistical difference in the mean total retardance values for
the deposits found in association with different severities of AD brain pathology (though
the other component retardance signals did not have statistically significant Wilcoxon test
p-values).
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Differences in Amyloid Deposit Properties in Alzheimer’s Diseases and Age-
Related Macular Degeneration

Transmission, MFA metrics related to individual peak widths, and peak separation, were
significantly different for retinal deposits associated with AD brain pathology compared to
those presumably associated with AMD. MFSs associated with deposits in the posterior
retina more commonly had multiple distinct peaks, sharper first peaks, broader second
peaks, and less separation between peaks. This is consistent with deposits imaged in the
posterior retina having more well-defined edges and structural features. The polarimetric
properties that best separated the two sets of deposits were polarizance-based signals and
circular signals as well (i.e. circular retardance, etc.). Although the averages of these
properties were highly statistically different for the two groups, the values among the
groups still overlapped (see figure 3.19 for an example).

Besides our group, others have reported the occurrence of retinal amyloid in association
with AD [55, 35, 49, 56] and AMD [87]. Connections and pathophysiological similarities
between AD and AMD have been reported on extensively [119, 120]. One such group
analyzed retinal tissue from some members of the same population studied by our group
and found that intermediate hard drusen in the temporal retina was more commonly found
in retinas associated with AD brain pathology than in retinas from older normal subjects
[89]. Our results that the anterior amyloid retinal deposits expected to be associated with
AD differ in shape, textural properties and their interaction with polarized light from
those found in the posterior retina (expected to be associated with AMD) is consistent
with the two sets of deposits representing different pathologies, associated with AD and
AMD. The evidence within this chapter that amyloid occurs in the retina in different
morphologies in association AD and AMD and that deposits of both kinds can form in
the same retina could be due to similar underlying risk factors, pathophysiology [120], and
general unhealthy ageing.

This study assumed that amyloid deposits in the anterior retina were related to AD
because amyloid deposits in the brain commonly form through the cleaving of the amyloid
precursor protein across neural cell membranes [121]. In contrast drusen are associated with
AMD, and are found between the retinal pigment epithelium and Bruch’s membrane [88].
Some drusen have previously been reported to contain amyloid [86, 87]. The conclusions
drawn here would be strengthened if studies could be performed on retinas where there
was a differential diagnosis of AD pathology in the brain (as in the samples used here) and
a differential diagnosis of AMD prior to death.
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3.4.3 Differences Between Amyloid Deposits due to Alzheimer’s
Disease and those due to Other Neurodegenerative Brain
Pathologies

An attempt was made to separate amyloid deposits found in retinas of those with AD
brain pathology and those with other NDD brain pathologies. This was a proof of concept
study in which only a single set of MFA settings was tested. A highly significant difference
was found in the average values of metrics related to widths of individual peaks and RL.
Because the MFA metrics which gave significant differences for AD versus non-AD NDDs
and AD versus AMD overlapped, entropy E was considered for both comparisons. This
metric was only statistically different on average between AD brain pathology related
deposits and those related to other NDD brain pathologies, and not significantly different
between deposits associated with AD brain pathology and those presumably associated
with AMD, as was the case for RL.

3.4.4 Potential for Distinguishing Between Multiple Conditions
in a Single Analysis

Comparisons of properties of retinal amyloid deposits were performed across paired groups
of different pathological conditions. In each case, there were highly statistically different
properties. The ones with the highest significance also differed for different pairs of con-
ditions, except for the ones associated with the widths of individual peaks which were
different on average for two pairs of conditions. Entropy then provided a measure which
was only significantly different for one of those pairs. Composite metrics were considered
briefly and improved separation in the comparison of deposits associated with AD brain
pathology and those related to other NDDs. The analysis presented here suggests that a
more complex linear discriminant or machine learning analysis could separate all of the
conditions considered above on the basis of MFA and polarimetry properties. The tech-
niques described above, once implemented in live-eye imaging (see below) could be used to
track changes in the properties of individual deposits over time (for example as the brain
severity of disease in AD increased over time) or as a function of therapeutic treatments
which might ameliorate the severity of disease.
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3.4.5 Applicability of the Techniques Studied to Live-eye Imag-
ing

The utility of MFA has been demonstrated for a variety of biomedical imaging applications.
For example, MFA has previously been shown to be capable of identifying/segmenting
microcalcifications in mammograms [107], and other abnormalities in breast tissue samples
in observations of fluorescence in situ hybridization [100]. One of the aims of this work was
to explore whether techniques of differentiating the various conditions studied would be
usable at the lower magnifications associated with live-eye imaging. Polarimetry proved a
powerful technique for diagnosing glaucoma via the detection of the thickness of the optical
nerve fiber layer in the living eye [122, 123]. Depth-resolved MFA has been performed
(through an approach distinct from that presented herein) on optical coherence tomography
(OCT) images in living eyes of subjects that had ocular diseases and healthy controls [124].
That group concluded that depth-resolved analysis of the “multifractality” of OCT images
could be used for early detection of retinal diseases. Though the specific form of MFA and
techniques used were different, their work supports the prediction that characterization
of texture and complexity of retinal amyloid deposits through MFA could be relevant for
distinguishing between deposits associated with different pathologies, as is the main result
from this chapter.

Both multifractal analysis and polarimetry may perform differently in the live-eye than
in tissue for a variety of reasons including resolution, focus, and differences between live-
eye and fixed tissue. In testing the potential for live-eye imaging, the lower magnifications
used needed to be tested. It was found that although simulating lower magnifications by
reducing the number of pixels in the RL maps led to less significant statistical separation
of the anterior and posterior deposits, some multifractal metrics were highly significantly
statistically different between AD and AMD deposits in spite of simulated changes in mag-
nification of over 0.5 (or 50%). This indicates a degree of resilience against changes in
magnification that could be important for a live-eye polarimeter. Furthermore, compar-
isons of multifractal spectra based on images taken with physically different magnifications
(from different objectives) for a small subset of the deposits showed that the spectra may
change in predictable ways at lower magnifications, with some similarities between spectra
apparent for images taken with objectives that differ in magnification by a factor of 4 from
the initial microscopy images (used in the bulk of the analysis presented in this chapter).
Most MFSs broaden at lower resolutions, likely due in part to the loss of the finer details
in the images. However, other differences between groups are expected to persist at lower
resolutions, because in simulating lower magnifications of the deposits associated with AD
brain pathology and those presumably related to AMD, some tests with pixel dimensions
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equivalent to approximately 16 µm still found MFA metrics that produced statistically
significant differences.

Depth-resolved multifractal analysis of confocal z-stacks of deposits revealed that there
appears to be a range of slices within deposits that correspond to similar multifractal
spectra. This suggests that the technique may be robust against slight changes in foci,
which would be important for the live-eye device. This is also consistent with short range
order in the deposits. Textural changes in retinal surround in ex vivo tissue caused by
tissue preparation could alter the multifractal spectra somewhat as its calculation involves
the tissue immediately around the deposit. In microscopic polarimetry measurements,
the deposit structure is very similar to that of pure deposits on glass so the influence
of the surrounding tissue appears small. However, the metric “transmission”, used with
the polarimetric metrics is the transmission of white light through the deposit and this
would be affected by tissue above and below the deposit. Confirmation of the relationship
between the MFSs of deposits and the surrounding tissue (or possibly lack thereof) could
be performed by comparing MFS of segmented images of deposits in tissue to segmented
images of pure deposits.

3.4.6 Conclusion

Texture analysis performed using MFA, and polarization signal analysis, both produce av-
erage values significantly different for deposits associated with different pathologies. Tests
performed by resampling RL maps, and considering z-stacks of confocal images suggested
that MFA may be resilient against some changes in magnification and foci, respectively.
The major impact of this chapter is thus the finding that MFA and polarimetry may be
suited for distinguishing between deposits in the live-eye imaging device, and for providing
diagnostic insight therein.
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Chapter 4

Discussion

4.1 Morphological Analysis

Consideration of confocal microscopy z-stacks provided insights into the three-dimensional
(3D) morphology of amyloid deposits in the anterior layers of human retinas from subjects
with Alzheimer’s Disease (AD). Some deposits in the retina were associated with presumed
vasculature, and had structural features that resembled deposits that form in the brain in
association with cerebral amyloid angiopathy (CAA). These included: deposits with ring-
like cross-sections (figure 2.3b) which appeared to either fill vessel walls, or form between
layers therein; deposits with banded patterns (figure 2.11b), presumably due to amyloid
displacing smooth muscle in vessels (resembling those presented in [26]); cylinder-like de-
posits that possibly filled vessel lumina; and deposits that may have resulted from dyshoric
changes, with the appearance of now being outside but touching presumed vasculature (fig-
ure 2.17), or both inside and outside the vessel (figure 2.14), consistent with some brain
deposits in CAA. In CAA deposits usually begin by forming in the basement membrane
[61], and then in severe cases proceed to replace full segments of vessels with amyloid,
with the possibility of eventually disrupting the vessel and escaping into the surrounding
neuropil [63]. The variance between these morphologies may correspond to different stages
of vascular amyloidosis as has been described in CAA.

Vessel associated deposits were found in all examined retinas from subjects that had
evidence of AD and CAA brain pathologies, in one retina that had AD and CVD patholo-
gies but no evidence of CAA, and in one retina that AD with no evidence of CAA. These
results may indicate that amyloid deposits form in association with retinal blood vessels
through similar mechanisms as those that form in CAA in the brain, as suggested by Ko-
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ronyo [35]. A vessel associated deposit was also found in a retina that was associated with
multiple system atrophy but not with AD or CAA brain pathologies. The formation of
vessel associated deposits in retinas from subjects whose brains had no evidence of CAA
pathology may indicate that CAA pathology forms in the retina prior to its formation in
the brain.

Some non-vessel associated deposits appear to have dark spots that shift laterally with
depth. In some cases, these dark spots (or dark tunnels) were observed in deposits that
were directly above or directly below retinal ganglion cells (RGCs). This indicates that
the dark tunnels may be due to amyloid that has formed around (or been perforated by)
RGC axons.

Strand-like features with diameters on the order of one micron, which may have been
fibrillar bundles of amyloid, were found in several cases on the most anterior faces of
deposits (both those that did and did not appear to be vessel related). It is also possible
that some of the larger strand-like features in vessel associated deposits are actually amyloid
that has accumulated in a capillary (which occurs in the brain in CAA of capillaries [33]),
but most of the strand-like features observed herein were smaller than would be expected
of an amyloid-filled capillary.

Lower amyloid levels in the vitreous are reportedly associated with decreased cognitive
ability [78]. One of the possible fibrillar bundles of amyloid was found on the anterior
surface of a deposit that was in or possibly on the optical nerve fiber layer (ONFL). This
may suggest that amyloid deposits forming from the vitreous onto the retina, which is
consistent with previous findings from our group that atomic force microscopy revealed
the presence of thioflavin-S positive deposits close to the anterior surface of the retina
[125].

4.2 Multifractal Analysis

4.2.1 Main Findings

Chapter 3 demonstrated the aptitude of multifractal analysis (MFA) for distinguishing
between groups of deposits associated with different pathologies. These group comparisons
were of deposits with different severities of AD brain pathology, those associated with
AD brain pathology versus those presumably associated with AMD, those with different
severities of AD brain pathology, and those with AD brain pathology versus those with
other NDDs. For these comparisons, the group labelled as associated with AD brain
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pathology could have also had cerebrovascular disease (CVD) and/or CAA in addition to
AD. This is because CVD is not expected to be associated with a proteinopathy (though it
may be connected to cholesterol), and CAA brain pathology is highly coincident with AD
brain pathology [31, 33, 126, 127]. Differentiating between deposits from subjects who have
differing single diagnoses of NDDs and others who have multiple brain pathologies would be
the next major steps for these experiments. A combination of the morphological analysis,
MFA, and polarimetry may be useful for this application, presuming deposits associated
with different conditions have specific 3D macrostructures with differing interactions with
polarized light.

4.2.2 Connections to Literature

Pirici et al found that fractal dimension analysis on amyloid deposits in human brains
revealed differences in the complexity of immunostained amyloid-β signals (total and [1-42])
in diffuse plaques from those of other plaque phenotypes, and that the fractal dimensions of
amyloid-β [1-40] deposits in brains associated with AD pathology were different from those
found in brains of aged controls [34]. Fodera et al developed a model which determined
that through electrostatic interactions, amyloid forms multifractal structures, predicting
spherulite formation, and fibrils [128]. The extension that fibrils then proceed to form
deposits through a multifractal growth process was not made. Though MFA of images
does not require that the structure being imaged be truly multifractal, the hypothesis that
retinal amyloid deposits form through multifractal growth processes paired with the results
of chapter 3 which indicate that multifractal measures are suited for distinguishing between
deposits associated with different pathologies, may be useful for future work in modelling
the growth of retinal amyloid deposits and predicting multifractal signals of importance
for particular applications.

Miyawaki et al performed both morphological and fractal analyses of amyloid-β plaques
in canine brains [129]. Several similarities between this thesis and their work are notewor-
thy. They performed 3D analysis using a confocal scanning laser microscope to evaluate
the morphologies of plaques. They calculated fractal dimensions (FD) of plaque silhou-
ettes (not MFSs of the gray-scale images as calculated in chapter 3 for polarimetric images)
for each image in their z-stacks, producing a representation similar to the depth-resolved
MFSs shown in this work. Their study involved separate labels for amyloid-β [1-40] and
amyloid-β [1-42](43). They concluded that the FD depth-dependent trend-line associated
with amyloid-β [1-42](43) was approximately constant with depth. Though the plaques
they presented have different morphologies to those studied using depth-resolved MFA in
chapter 3, the notion that complexity of deposits may not change in depth was of interest.
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By comparison, in retina, the results of chapter 3 suggested a slow change in complexity
with depth. In turn, this may aid in the application of MFA to live-eye images, relaxing
the precision with which a particular slice through the deposit must be imaged.

4.2.3 Statistics

The differences between multifractal spectra (MFSs), and polarization signals, of retinal
amyloid deposits associated with different pathologies were characterized using Wilcoxon
and Kolmogorov-Smirnov statistics. Histogram representations for the metrics associated
with deposits from different pathologies often had substantial overlap, in spite of the highly
significant statistical differences in their averages and distributions. Linear discriminant
analysis (LDA) is a method for identifying linear combinations of observations that best
separate the measurements into two classes (in our case, of differing pathologies) [130]. LDA
requires that the data being analyzed be normally distributed, which is not the case for
the polarization signals or MFS-related metrics in any of the groups studied in Chapter 3.
Thus, a non-parametric equivalent of LDA, as a means of determining which combinations
of metrics, both polarimetric and multifractal, are able to provide the greatest separation
between the aforementioned groups of retinal amyloid deposits associated with different
pathologies is being investigated. Textural/complexity-based differences between linear
retardance maps of deposits associated with different pathologies were detected through
MFA. Making use of both polarization signals and MFS-related metrics may provide a
view into new means of classifying deposits for diagnostic purposes in the future live-eye
imaging device.

4.3 Impact

On average, differences in structural and textural features of amyloid deposits in the retina
appear to be related to different pathologies, including different brain pathologies. Dif-
ferences between the morphologies of retinal amyloid deposits that form related to blood
vessels and those that do not, point towards possibly different etiologies and constraints
on the deposits from their environment. Resemblances between the blood vessel associated
deposits in the retina and those found in the brain in association with CAA based on 3D
morphological analysis suggests that they may form through similar mechanisms. Amyloid
deposits associated with CAA and AD in the brain reportedly form through distinct path-
ways [131], with CAA reportedly forming as a result of failures in perivascular drainage
pathways [32, 132]. The results of this thesis seem to support a similar hypothesis for
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retinal amyloid deposits. In addition, structural features of amyloid deposits (including
their interactions with polarized light), and their textural features which may be robust
to changes in magnification, may be useful in a differential diagnosis of these conditions
without need for expensive brain scans.

4.4 Future Work: Electron Microscopy for High Res-

olution Tomograms of Amyloid Deposits in Reti-

nal Tissue

4.4.1 Motivation and Project Summary

Our group has predicted short range ordering amongst amyloid fibrils in retinal deposits
[60]. The resolution of our optical microscopy techniques is inadequate for resolving fibrillar
textures in deposits. To investigate fibrillar ordering, we are collaborating with another
research group to perform electron tomography. Typical electron microscopes are able
to attain resolutions of a few nanometers, and even less than 0.1 nm when aberration
corrected. Recently, scanning transmission electron microscopes (STEM) have become
very popular, and this technique will be used for this project.

4.4.2 Scanning Transmission Electron Microscopy

Transmission electron microscopy (TEM) at 100 kEV [133] works with very thin samples,
on the order of 5-500 nm thickness that lay over a mesh grid. Electrons from the beam
are incident upon the entire imaging region of the sample. Contrast is due to the Coulomb
interactions between the accelerated electrons and the nuclei of the atoms they pass [133].
Electron beams are collimated by electromagnetic lenses. These beams can also be trans-
lated using scanning coils, and then focused with other electromagnetic objectives. The
result of this is a STEM.

STEMs are able to attain sub-Angstrom resolution [134, 135, 136] once aberration
corrected. The exiting beam can be focused further and passed through a magnetic prism
(or a series of prisms) that spatially separates the electrons associated with different energy
losses. A moving slit then selects a portion of the spatially spread electrons associated with
each resolvable energy interval for detection [137]. Through this detection method, it is
possible to measure the characteristic electron energy loss spectra (EELS) associated with
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a sample. The combination of this spectroscopy and high spatial resolution can allow for
researchers to both resolve the general crystal structure of a sample and to identify which
atoms are at each position.

4.4.3 Electron Tomography

To collect an electron tomogram, a sample is mounted on a tiltable-stage1. Micrographs
are acquired using the STEM for each angle. These images are combined to form a 3D
rendition of the sample by means of a back-projection process [38]. In a study by Kollmer
et al [38], amyloid deposits were grown within a cell culture. This study made use of an
electron tomography technique, and led to several substantial results. Researchers were
able to identify several different categorical arrangements of amyloid fibrils within deposits.
They also found that fibrils were ordered, at least locally, which would support our group’s
presumption that there may be short range ordering between fibrils in different layers of
deposits. Extracting equivalent information from retinal deposits will allow our group to
evaluate their content and our hypotheses related both to the mechanisms through which
retinal deposits form, and to better predict favourable polarization signals. Koronyo et al
[35] included some experiments with a TEM in their analysis of retinal amyloid deposits,
but we are unaware of any group that has yet performed any form of 3D electron microscopy
imaging on retinal amyloid samples. EELS measurements with STEM indicate another
avenue for this research - mapping the types of amyloid present in different retinal deposit
features. EELS has been used previously to identify regions in a micrograph associated
with different proteins based on sulfur content [138]. This combination of methods could
eventually be used to gain specific information about the amyloids (and possibly other
proteins or neuritic material) contained within a deposit2.

4.4.4 Ongoing Work

We have begun collaborating with Grandfield and her students at McMaster University.
Laura Emptage and I determined a sequence of ethanol baths that could adequately de-
hydrate a retinal tissue sample, and have tested this with canine and porcine tissues. A
porcine tissue sample has been stained for the electron microscopy, and embedded in resin
by Grandfield’s group. We are currently testing these embedded porcine samples to ensure

1Multi-directional tilts are used in some cases but only a mono-directional tilts are adequate for our
application.

2A 4D correlative analysis of this form has been performed previously by Grandfield’s group [139].
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that the deposit polarization signals remain distinct. Next, white light microscopy will be
used to determine the tissue’s post-staining integrity. A micrometer will then be used to
measure the specific locations of several deposits within the samples. The samples will be
polished to remove as much of the embedding resin from above the sample as possible.
Afterwards, rectangular volumes will be lifted out of the bulk using a focused-ion beam
technique. Once the lift-out is complete, the sample is loaded into the STEM for the
electron tomography. If this is all successful, we will repeat the process with canine and
human retinas.
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pp. 26586–26595.

[115] Erik Mason and Melanie CW Campbell. “Euclidean distance method for retinal
amyloid polarimetry segmentation”. In: Investigative Ophthalmology & Visual Sci-
ence 60.9 (2019), pp. 179–179.

116



[116] Gang Xiong, Shuning Zhang, and Xiaoniu Yang. “The fractal energy measurement
and the singularity energy spectrum analysis”. In: Physica A: Statistical Mechanics
and its Applications 391.24 (2012), pp. 6347–6361.

[117] SAS Institute. Tests Based on the Empirical Distribution Function. url: https:
//support.sas.com/documentation/cdl/en/statug/63347/HTML/default/

viewer.htm#statug_npar1way_a0000000202.htm (visited on 12/07/2019).

[118] Anupama Narayanan and Donna Watts. “Exact methods in the NPAR1WAY proce-
dure”. In: Proceedings of the Twenty-First Annual SAS Users Group International
Conference, Cary, NC: SAS Institute Inc. 1996, pp. 1290–1294.

[119] Shaun Frost et al. “Alzheimer’s disease and the early signs of age-related macular
degeneration”. In: Current Alzheimer Research 13.11 (2016), pp. 1259–1266.

[120] Leonardo Biscetti et al. “Associations of Alzheimer’s disease with macular degen-
eration”. In: Front. Biosci.(Elite Ed.) 9 (2017), pp. 174–191.

[121] Gopal Thinakaran and Edward H Koo. “Amyloid precursor protein trafficking, pro-
cessing, and function”. In: Journal of Biological Chemistry 283.44 (2008), pp. 29615–
29619.

[122] Manuele Michelessi et al. “Optic nerve head and fibre layer imaging for diagnosing
glaucoma”. In: Cochrane Database of Systematic Reviews 11 (2015).

[123] Felipe A Medeiros et al. “Comparison of the GDx VCC Scanning Laser Polarime-
ter, HRT II ConfocalScanning Laser Ophthalmoscope, and Stratus OCT Optical
Coherence Tomographfor the Detection of Glaucoma”. In: Archives of Ophthalmol-
ogy 122.6 (2004), pp. 827–837.

[124] Nandan Kumar Das et al. “Investigation of alterations in multifractality in optical
coherence tomographic images of in vivo human retina”. In: Journal of Biomedical
Optics 21.9 (2016), p. 096004.

[125] Melanie CW Campbell et al. “Imaging of Amyloid-Beta Deposits in the Postmortem
Retina in Alzheimer’s Disease”. In: Investigative Ophthalmology & Visual Science
51.13 (2010), pp. 5778–5778.

[126] Patricia A Boyle et al. “Cerebral amyloid angiopathy and cognitive outcomes in
community-based older persons”. In: Neurology 85.22 (2015), pp. 1930–1936.

[127] Christopher G Janson. “AD and CAA: Independent risk factors for dementia”. In:
Science Translational Medicine 7.318 (2015), 318ec214–318ec214.
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Appendix A

Multifractal Analysis Considerations

A.1 Capacities

As mentioned in chapter 3, the choice of capacity is of the utmost importance for MFA. The
capacity identifies the local property that will be evaluated in the regions of various sizes
around each pixel in order to calculate the local regularity or Hölder exponent α, which
are then used in calculating the global regularity or Hausdorff dimension F . That chapter
focused on the max capacity as it seemed the most effective from preliminary compar-
isons of deposits associated with Alzheimer’s disease (AD) brain pathologies versus those
presumably related to age-related macular degeneration (AMD). The results in chapter 3
indicated that max-based MFA was able to differentiate between deposits associated with
various pathologies, however it is possible that other comparisons of diagnostic interest
will not be well differentiated by this method, in which case consideration could be given
to other metrics that highlight more pertinent textural differences. The iso capacity is
another approach towards characterizing the local regularity of the image. Whereas max
represents the dependence of the maximum value in a vicinity around a pixel as a function
of the size of said vicinity, iso is similar to a measure of the uniqueness of values within
those vicinities. To measure iso the following equation can be used:

µiso(x, y) = #[I(x, y) == Mo(I(x, y))] (A.1)

where x,y denote the horizontal and vertical range of values being considered, each with
length ε of course, # denotes a count or cardinal, and Mo is the mode. In plain language,
iso represents the number of values in a region of size ε, centered at x, y in image I that
are the most frequent members of the region. As the authors of FracLab [101] indicate,
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µiso in a region without repeated gray levels is 1 as 1 is the greatest number of occurrences
of a particular value in the region, whereas a region that is all a single value, or flat in a
sense, will have µiso equal to the number of pixels in the region (i.e. ε2). One important
comment on the use of iso which may have hindered its success in early tests is that the
uniqueness of RL values is widespread in most of the RL maps, due to the high decimal
precision used in our calculations. To achieve a meaningful distinction between textural
features of deposits associated with different pathological groups, further tests should begin
by considering lower decimal precision in RL values.

A.2 Note on Image Boundaries for MFA

There are minor issues that arise from the exclusion of pixels near the border of an image
when calculating the Hölder exponent map. Avoiding the pixels closest to the boundary
creates a dark frame around the field, with the excluded pixels receiving Hölder exponents
of zero, and corresponds to F values slightly larger than that of a straight line (1.212 in
figure 3.2).

The portion of the MFS related to the dark frame has no physical information about the
sample. Removal of the dark frames could be performed by cropping the Hölder exponent
map on all sides by Hvecmax

2
rounded down. This is because a box of width Hvecmax centered

at a pixel less than Hvecmax

2
rounded down from the image boundary would include a region

outside of the image. Below in figure A.1 is an example of a MFS that has been calculated
from a Hölder exponent map that included the dark frame, and another that was cropped
to remove it. The version on the right in figure A.1a which excludes the dark frame has
a more prominent first peak (which can be noted by its lower value of F (α = 0)), and
is otherwise very similar to the spectrum that was calculated without cropping away the
dark frame.

As the size of Hvecmax is increased relative to the number of pixels in the image, the
differences in the first peak become more pronounced, with the apparent reason being
that the Hausdorff dimension associated with the dark frame becomes larger and creates
an inflection between the α = 0 intercept and the first peak in the MFS (figure A.1b).
Conversely, excluding the dark frame in such an image seems to again make the first peak
more prominent.
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(a) MFSs for the original RL map image dimensions.

(b) MFSs for the RL map that was shrunk by a factor of 4 prior to Hölder exponent calculation.

Figure A.1: Smoother MFSs that have been calculated with and without including the
dark frame that is created in the Hölder exponent map.
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A.3 Segmentation

Future applications of MFA for differentiating between retinal amyloid deposits may in-
clude comparisons between MFSs of fields that do and do not contain deposits. Analysis
of the background retina in such cases could possibly indicate if textural differences near
deposits are related to particular pathological changes. To identify deposit-based contri-
butions to the MFS, the segmentation method by Mason [115] was initially considered.
This segmentation method works perfectly from most considerations, but is designed in
such a manner that it does not maintain the texture of the boundary between deposits
and retinal surround. A version of the segmentation (also by Mason [115]) which typically
slightly overestimates the size of the deposit (as compared to the human visual system)
could possibly be applied to the Hölder exponent maps before F calculation, but in many of
the anterior deposits with poorly defined boundaries, it is a highly subjective assessment
as to whether the entire deposit is truly within the mask. Primarily for these reasons,
unsegmented linear retardance maps were analyzed in the MFA described in chapter 3.
However, other refinements could feasibly be made to the segmentation method for this
particular application, that would likely slow the segmentation but result in more accurate
preservation of the boundary between the deposits and retinal surround. One such mod-
ification could involve an active contour segmentation with the overestimated mask as a
starting point for the segmentation.

A.4 Rotation Tests

Sensitivity of MFA of deposits to rotation of the scanning module about the z-axis was
tested using six z-stacks of a single deposit imaged with different orientations. The z-
stacks were then projected into the en face plane by summing along the z-direction (figure
A.2). A segmentation was performed by thresholding each projected stack at 2000 (a.u.),
to calculate the orientation of the deposit. The regionprops function in Matlab was
then used to calculate the orientation of the segmented region. Orientation of the first
z-stack was set to 0o as a reference. MFSs were calculated for each projection, with Hvec:
1:2:17, Svecmin 1, and the max capacity. An 8th order polynomial p8(α) was fitted to each
smoothed MFS1 in Matlab. The polynomial fitting process also determined standard error
values for each point in each fitted polynomial. For each of the 50 interpolated α chosen,
the upper bound on the 95 % confidence interval CIU was taken as the lowest value of the

1Recall that all of the MFSs are locally filtered using a Savitzky-Golay method
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sum of the polynomial plus twice the calculated standard error δ at that point2, and the
converse is true of the lower bound on the 95 % confidence interval2 CIL (see equation
A.3).

CIU(α) = min[pi8(α) + 2δi] (A.2)

CIL(α) = max[pi8(α)− 2δi] (A.3)

where pi8(α) represents the eighth order polynomial fit of the ith z-stack evaluated at Hölder
exponent α, and δi is the standard error on the evaluation of pi8(α), with 2δi being a
range from pi8 at α that should enclose roughly 95 % of the predicted measurements.
Comparison of the fitted polynomials, CIU and CIL, should reveal whether the polynomial
fits are mutually consistent for any particular values or ranges of α. The spectra are nearly
coincident at α = 0.03. Figure A.3 illustrates the consistency between the MFSs of the
differently oriented z-stacks. Trends in the figure are based on 8th order polynomial fits to
each of the smoothed (Savitzky-Golay) MFSs. In Matlab, the polynomial fitting process
can calculate standard error δ for each point the polynomial is fitted to. In figure A.3,
for each of the 50 interpolated α chosen, the upper bound on 95 % confidence interval
was taken as the lowest value of the sum of the polynomial plus twice the calculated δ at
that point (see equation A.3). The polynomial fitted MFSs of the rotated z-stacks are not
significantly different for small to medium α. Most of the points that spread beyond the
95 % confidence interval are still near the boundary until the high-α end of the spectra.
Note that in figure A.3 the upper and lower bounds cross at approximately α=0.25. This
indicates a non-physical possibility and hence represents a region in the spectra in which
modelling the similarity of the polynomial fits arguably failed.

Normally, the extent of the confidence interval is symmetric about a point (i.e. x±σx)
and the interval bounds never cross. Interpretation of this unusual non-physical effect
might lead to the judgment that none of the values in this range are consistent (all points
are either above the upper bound or below the lower bound). This suggests that some
sharper features in the z-stacks vary between the rotated fields. This point towards metrics
involving the overall shape of the spectra (which is highly consistent) and those that are
not influenced strongly by the Hausdorff dimensions near the end of the spectra.

To investigate this, the possibility that the end of the spectrum is not heavily influenced
by large scale features in the z-stacks, but rather by noise and anomalies in the field, was
tested. The process used in generating the plot in figure A.3 was repeated for the deposits
only (see figure A.4). The background signals were removed from the projections to
check if the inconsistency in the high α regime was indicative of differences in the regions

2Across all of the polynomial
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Figure A.2: Rotated versions of the same deposit, shown as a summed projection along
the z (or en face) direction. Angles shown are defined relative to the overall orientation of
the first stack (upper left).

Figure A.3: MFSs for six different orientations of the same deposit with labelled confi-
dence interval and polynomial fits. The solid lines represent conservative bounds on the
95% confidence interval. The data markers represent fitted curves based on the raw data
(without smoothing).
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associated with the deposits. This was accomplished by applying the mask that was used
in determining deposit orientation to the Hölder exponent map before binning the α values
and calculating the Hausdorff dimensions. Again, MFSs were calculated, but this time they
were not smoothed, and then 8th order polynomials were again fitted to the MFSs. Another
difference between the calculation processes was that the α=0 coordinate was ignored as
it was related solely to the background and thus was of no relevance.

The resultant MFSs with confidence interval bounds based on the polynomial fits are
shown in figure A.4. From these MFSs, it seems that the deposit related spectra are almost
entirely within the 95% confidence interval, suggesting that the spectra for the deposits are
not significantly different from the range of the fitted polynomial curves. Previous reports
have suggested that MFA is insensitive to translation and scale [98]. These tests suggest
that MFSs of retinal amyloid deposits are fairly insensitive to rotation, including portions
of the spectra linked to the deposits.

A.5 Polarization Metrics

Additional polarization metric maps from chapter 3 are shown in figures A.5 and A.6.

A.6 Magnification Tests (Additional Data)

See figure A.7 for an additional comparison of RL maps that were resampled, and their
corresponding MFSs. Also, figure A.9 displays the MFSs associated with RL maps, based
on the same set of 4X images, which have been resampled using three different methods
available in Matlab. For α <0.35 in figure A.9, the spectra are similar, with slightly
different peak widths. As α increases past 0.35 the differences between the spectra become
severe, with a prominent peak near the end of the spectrum for the bicubically-resized RL

map. The bilinear and bicubic methods can include values outside the range of the original
image in the resized result, taking away from the physical accuracy of the RL map, and
also affecting the MFS.

A.7 Proof of Equation 3.6

In chapter 3, some tests were performed to compare deposit RL maps based on images
taken with various magnifications. Equation 3.6 was used to determine the region within
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Figure A.4: MFSs for projections of six rotated z-stacks of the same deposit, with back-
grounds removed through segmentation. The solid lines represent conservative bounds on
the 95% confidence interval. The data markers represent the calculated MFSs without
smoothing.
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Figure A.5: Total polarizance maps for six deposits in anterior layers of retinal tissue
samples from subjects with intermediate severity of AD.
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Figure A.6: Total polarizance PT maps for six deposits in anterior layers of retinal tissue
samples from subjects with high severity of AD. Note that the PT mean deposit values are
significantly different between intermediate and high severity of AD brain pathology but
there is overlap.
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Figure A.7: RL maps calculated from Mueller matrices based on images taken with different
magnifications (see figure labels), and the corresponding MFSs indicating the impact of
the scaling factor. The factors shown are those by which the RL maps were shrunk before
being enlarged by the reciprocal factor. The spectra were calculated using Hvec: 1:2:17,
Svecmin: 1, capacity: max
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Figure A.8: RL map based on images taken with a 40X objective for comparison with the
resized RL maps that are based on images taken with a 4X objective in figure A.9.
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Figure A.9: RL maps calculated from Mueller matrices based on images taken with a 4X
objective and up-sampled to spatially match a 40X objective, with three different methods
for performing the resizing operation. The resizing is an interpolation that is used to
ensure that the RL maps taken with different magnifications result in images associated
with the same spatial region in the sample, with the same total number of pixels (which is
important for the MFS calculation since the region sizes used in each step are defined in
numbers of pixels). Corresponding MFSs are also presented. The spectra were calculated
using Hvec: 1:2:17, Svecmin: 1, capacity: max
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maps taken with objectives with 20X, 10X, or 4X magnification that corresponded to the
same space encompassed by the 40X magnification. Lower magnification RL maps cover a
larger spatial region in the same number of pixels, hence fewer pixels are actually associated
with the deposit. To derive equation 3.6, consider an image with dimensions xO by yO

taken with objective O, which fully encloses a field imaged with another objective O′, and
allow the magnifications associated with O and O′ to be MO and MO′

, respectively. The
ratio in the dimensions of the two images is the inverse of the ratio of the magnifications.
Hence:

xO = xO
′MO′

MO
, (A.4)

or equivalently:

xO
′
= xO

MO

MO′ (A.5)

If the images taken with both objectives have identical centers (i.e. concentric rectangles),
then the region of the image IO taken with O that fully matches the region in image IO

′

taken with O′ has horizontal boundaries given by: xOcrop =
[
xO±xO′

2

]
, or equivalently:

xOcrop =

[
xO ± xO MO

MO′

2

]
(A.6)

Then, by factoring out common terms:

xOcrop =
xO

2
(1± MO

MO′ ) (A.7)

Since this thesis is concerned with practical experimentation, it is necessary to ensure that
the positions of the image endpoints in a particular dimension are integer values. For
this purpose, the flooring operation bc is used to round all values down to the nearest
integer (though one could reasonably argue that simply rounding in either direction to the
absolute nearest integer would be appropriate). For the relevant experiments described in
chapter 3, RL maps were resized to ensure that each of the lower objective-based maps
had the same number of pixels associated with the deposit. Due to slight differences in
lateral positions of the field, translations were performed to align the images after they
were resized (interpolated), and then each was cropped so as to match the spatial region
captured using MO′

=40. With that taken into consideration, the final formula representing
the bounds of the cropped the RL maps is:

xOcrop = xO
⌊

1

2
(1± MO

40
)

⌋
(A.8)

with the equivalent expression holding for the cropping in the vertical direction.
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Appendix B

Comments on Morphological
Analysis of Amyloid in the Retina

B.1 Periodic Structural Elements

There are deposits that appear to have periodic segments that could be ordered bundles of
fibrillar amyloid (figure B.1). These segments have been seen near the edges of deposits.
This might be due to the fact that the edges of large deposits are often thinner than the
bulk of the deposit and thus there is less “bleed-through” of fluorescence from other planes,
making resolving individual fibrillar bundles less difficult.
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(a)

(b)

Figure B.1: Subsections from deposits that appear to display periodically arranged fibrillar
bundles of amyloid. Note that B.1a was imaged by MK.
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Appendix C

Permission Statements
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Figure C.1: Permission for inclusion of figure 1.1, p1
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Figure C.2: Permission for inclusion of figure 2.1, p1
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Figure C.3: Permission for inclusion of figure 2.1, p2
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Figure C.4: Permission for inclusion of figure 2.1, p3
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Figure C.5: Permission for inclusion of figure 2.1, p4
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Figure C.6: Permission for inclusion of figure 2.6, p1
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Figure C.7: Permission for inclusion of figure 2.6, p2
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Figure C.8: Permission for inclusion of figure 2.6, p3
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Figure C.9: Permission for inclusion of figure 2.6, p4
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Figure C.10: Permission for inclusion of figure 2.6, p5
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Figure C.11: Permission for inclusion of figure 2.8b, p1

146



Figure C.12: Permission for inclusion of figure 2.8b, p2
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Figure C.13: Permission for inclusion of figure 2.8b, p3
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Figure C.14: Permission for inclusion of figure 2.12, p1
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Figure C.15: Permission for inclusion of figure 2.12, p2
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Figure C.16: Permission for inclusion of figure 2.12, p3
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