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CHAPTER 1

Introduction

1.1 Motivation and Objective

Glaucoma is characterized by the degeneration of the retinal nerve fiber layer (RNFL),(1) which can be
assessed by thickness measurement on optical coherence tomography (OCT) B-scans.(2—4) However,
detecting early-stage glaucoma remains a challenge. Due to biological variations in the eyes of healthy
individuals, there exists an inherent overlap between the thickness of early-stage glaucomatous RNFL and
healthy RNFL.(5, 6) More importantly, glaucoma-suspect patients represent a large portion of glaucoma
patients seen at the clinics; however, current diagnostic tools lack the sensitivity in detecting early-stage
changes in the suspect population. Therefore, there is a need for a new diagnostic biomarker to provide better
indication of disease development in this population. In this thesis study, we aim to investigate the
effectiveness of the optical attenuation coefficient (AC) and AC-derived parameters for detecting early-stage
changes glaucomatous eye.

1.2 Summary of Chapters

Chapter 1 introduces the problem of glaucoma and the motivation behind the presented research, which is to
enable detection of early-stage glaucoma.

Chapter 2 covers the clinical background and technical background for the topics discussed in this thesis work.
Pathological changes in the retina during development of glaucoma, the current diagnostic tools available in
the clinic, and the limitations of standard-of-care tools and emerging technologies in glaucoma detection are
explained. The need for a quantitative biomarker is introduced. Next, the technical background of the proposed
solution — attenuation coefficient (AC) — is discussed in detail, covering the definition of the AC, methods of
AC estimation, and previous clinical demonstrations of AC for glaucoma assessment.

Chapter 3 presents a comparison study for two methods of AC extraction from clinical optical coherence
tomography (OCT) B-scans collected from four study groups. The groups include healthy individuals,
glaucoma-suspect patients, mild and severe stage glaucoma patients. The results show comparable
performances of the two methods and reveal a decreasing trend in the calculated AC as disease stage progress.

Chapter 4 introduces novel depth-dependent AC parameters calculated from pixel-wise AC measurements.
The new parameters are shown to further differentiate the early-stage population from the healthy group.
Biological reasonings for the observed trends are discussed, which may relate to the changes in axon density
and capillary density as a function of depth and disease severity.

Chapter 5 summarizes major findings of this thesis research and suggests future directions for further
validation and eventually clinical translation. The impacts of the thesis research are also presented.

This thesis document is adapted from my two first-author publications:

Shuang Chang, Audrey K. Bowden, "Review of methods and applications of attenuation coefficient
measurements with optical coherence tomography," J. Biomed. Opt. 24(9), 090901 (2019)

Shuang Chang, Clara Murff, Theodore Leng, Sylvia L. Groth, and Audrey K. Bowden, "Depth-resolved
extraction of optical attenuation for glaucoma assessment in clinical settings: a pilot study," Biomed. Opt.
Express 13, 4326-4337 (2022)



CHAPTER 2

Background and Related Work

2.1 Glaucoma
2.1.1Pathological Changes in the Retina

Glaucoma, a type of optic neuropathy, is a leading cause of irreversible vision loss in the world and affects
more than 70 million people worldwide.(1) Glaucoma is caused by the degeneration of retinal ganglion
cells. The ganglion cells are neurons of the central nervous system whose cell bodies reside in the inner
retina and whose axons form the optic nerve. An elevation of intraocular pressure (IOP) is normally seen
in glaucoma patients, which is responsible for the death of retinal ganglion cells, as illustrated in Figure
1. In healthy eyes, there is a balance between aqueous humor secretion through ciliary body and its
drainage through trabecular meshwork and uveoscleral outflow pathways. In cases of primary open angle
glaucoma (POAG), which accounts for more than 80% of glaucoma cases, resistance to the outflow of
aqueous humor increases at the trabecular meshwork, which leads to elevation of intraocular pressure in
the anterior chamber. The pressure-induced stress and strain compress and deform lamina cribrosa
structure in the optic nerve and thus interrupt the trophic delivery to retinal ganglion cells, leading to cell
death and degeneration of the optic nerve.(7) Because POAG is slow progressing, symptoms and damage
often are left unnoticed until late stages.

(A) Build-up of (B) Degeneration
aqueous humor. of optic nerve.

Figure 1. Glaucomatous eye is caused by the blockage of aqueous humor drainage canal (A) and thus
leads of intraocular pressure elevation, which results in damage of the optic nerve (B).

Glaucoma can occur in all age groups; however, it is more commonly seen in the elderly (age 80+), with
a varying level of severity from a mild form of vision loss to complete vision loss. Typical glaucomatous
vision is illustrated in Figure 2. Traditionally, the gold standard of glaucoma detection is the intraocular
pressure test using a tonometer. Glaucomatous eyes normally have an IOP above 22 mmHg, while healthy
eyes have a pressure range between 12 and 22 mmHg. However, it has been found that 25% to 50% of
glaucoma patient have an IOP less than 22 mmHg. Therefore, a large number of glaucoma patients remain
undiagnosed until late stages, where rapid deterioration of ganglion cells occurs and leads to irreversible
vision loss.(8)



Normal Vision Vision with Glaucoma

Figure 2. Normal vision vs. glaucomatous vision. Patients with glaucoma suffer from varying degrees of
peripheral vision loss based upon severity of disease.

2.1.2Detection of Early-Stage Glaucoma

Due to the progressive nature of glaucoma, early detection of the disease is critical to preserve vision. A
comprehensive eye examination is often required for patients who are potentially affected by glaucoma.
Classical examinations such as the visual field test are largely subjective and suffer from variability.(9)
Therefore, many researchers have worked on developing more objective diagnostic tools for measuring
the changes in microstructures of the eye, such as the optic nerve head and retinal nerve fiber layer
(RNFL). Extensive studies have been conducted on imaging tools, including confocal scanning laser
ophthalmoscopy,(10) scanning laser polarimetry(11) and optical coherence tomography (OCT).(12)

2.2 OCT as a Promising Technology in Glaucoma Detection

OCT is an established technique that provides non-invasive, volumetric and real-time in vivo images of
tissue microstructure.(13) The general strategy for OCT is based on low-coherence interferometry. Light
incident on the tissue of interest is collected in a backscattering geometry and combined with light
returning from a reference path. The resulting signal is presented in the form of an A-scan, which
describes the relative position in depth and intensity of reflecting structures in the tissue. OCT provides a
profile of the underlying tissue microstructure, generating an optical biopsy (B-scan), allowing non-
invasive imaging of the tissues with high resolution and diagnostic accuracy. As a result, OCT has been
shown as a promising technique to provide structural changes in the eye, specifically in imaging the
anterior segment and the retinal layers.

Traditional OCT has long been used to visualize morphological changes in the retina.(14) An elevation of
intraocular pressure is normally seen in glaucoma patients, leading to the death of retinal ganglion cells.
(15) This degenerative process can be detected clinically by measuring the thickness of the RNFL with
OCT, making it a critical technology for glaucoma diagnosis.

Although measurement of RNFL thickness effectively differentiates glaucomatous eyes from healthy
eyes,(2—4) a large variation exists among the thickness measurements in healthy individuals due to
structural differences such as myopia(16—18) and optic disc size.(5, 6) This inherent overlap between the
RNFL thicknesses of some healthy eyes and early-stage glaucomatous eyes leads to challenges in early
glaucoma detection. As a result, researchers have sought to investigate whether other parameters, such as
ganglion cell layer thickness, RNFL reflectance, and volumetric analysis of the retina, may be more reliable
indicators of early-stage glaucoma.(18-20)

2.3 Optical Attenuation Coefficient Serves as a Diagnostic Biomarker in Glaucoma

In addition to the thinning of the RNFL that can be visualized on OCT B-scans, the death of retinal ganglion
cell axons in glaucoma leads to changes in the scattering property of the RNFL.(21)(22) This change is
hypothesized to be caused by the reduction in axon density in diseased RNFL,(10, 15, 23) and it can be
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quantified through measurement of the optical attenuation coefficient (AC). The AC measures how quickly
incident light is attenuated when passing through a medium and is a function of the underlying medium
properties. AC values can serve as an indicator for microscopic changes within tissues.(24-30)

2.3.1Definition of Attenuation Coefficient

The AC measures how quickly incident light is attenuated when passing through a medium and is a function
of the underlying medium properties. Loss of light in tissue can be caused by absorption, scattering or a
combination of both. When propagating through a medium, the irradiance of the light beam follows the
equation:

_ T lz

I=he™

where z is the distance light travels into tissue and H is the AC of light in that tissue. When H i small,
the irradiance of light will experience a slow exponential decay, as happens when the tissue sample has

low absorption and weakly scattering properties. In contrast when H i large, the irradiance will decrease
quickly and exponentially, as happens in highly scattering or absorbing tissue types. Because the AC is an
underlying tissue property, accurate estimation of the AC allows differentiation of dissimilar tissue types.
This information is complementary to information about the tissue microstructure provided by standard
OCT B-scans, which represents the backscatter intensity at each depth. In fact, a true picture of the
backscatter intensity at each depth should take into account the fact that the light incident at each depth of
the tissue is reduced by the attenuation of light from anterior structures. Figure 3 shows a conventional
OCT B-scan of a healthy human retina compared to its AC mapping. Note that to some degree, the intensity
of scattering correlates with the magnitude of the attenuation coefficient, as one would expect.

mm- (in dB)

'
-t
o

Figure 3. Images of human retina obtained by commercialized OCT (a) in comparison with AC mapping
(b). Dashed arrow in (b) points to the retinal nerve fiber layer of the retina. Solid arrow in (a) and (b)
points to a shadow resulting from a superficial retinal blood vessel (Adapted from reference (31)).

2.3.2Methods of Derivation

Multiple methods have been proposed to extract AC measurements from OCT images. These methods are
associated with two general models that have been proposed: the single-scattering (SS) model (32, 33) and
the multiple-scattering (MS) model (34); the tissue type of interest determines which model should be used.
The SS model assumes the backscattering of photons only occurs once and is applicable to AC
measurement in weakly scattering tissue samples or superficial layers of a highly scattering tissue sample,
such as human axillary lymph nodes (35) and the retinal nerve fiber layer (36). The MS model takes
multiple backscattering events and larger probing depths (37) into consideration, and it has been used for
extracting optical properties from human skin (38) and blood vessels (39). The SS model is more widely
used, especially as single scattering is a general assumption of OCT image reconstruction.

Within the SS model, two main approaches for AC estimation have been described, which are known as
curve-fitting (CF) and depth-resolved (DR) (32, 33), respectively. The general idea behind CF methods is
to fit the exponential decay described by Eq. 1 to the A-scan data of interest and determine the AC as the
exponential parameter that best fits this curve. In contrast, DR methods use differences in the intensity of
adjacent voxels to recover the amount of attenuation that occurs on a per-pixel basis. Both approaches have
been successfully applied to many clinical applications.

2.3.2.1 Curve-Fitting Method



The CF method was first introduced by Faber et al (33). The detected OCT signal is purported to follow
the Lambert-Beer Law shown in equation (1). In order to accurately extract AC values, Faber et al. also
take the effect of the confocal point spread function into consideration by introducing the following

expression:
2
z—z
h(z)= L1 +1
ZR

; 2
, . Z z,. .
where A is the confocal function, ¢ denotes the focal plane depth and ~ Ris the apparent Rayleigh range.
Z, . Z =0nz . . .
The term ® is defined as R r, where & =2 for diffuse reflection (& =1 for specular reflection),

M s the index of refraction of the tissue sample, and Z is the Rayleigh range of the scanning lens. Faber
showed that when the focal plane of the optical system is located within the sample, the confocal function
needs to be taken into account in order to best describe the resulting OCT signal. Therefore, by combining
equations (1) and (2), Faber concludes that the recorded OCT signal intensity can be modeled as:

-2z
I(z)<h(z)e™ ’ 3)

where the factor of 2 accounts for the light being attenuated twice due to the round-trip backscattering event

measured with OCT. The estimated AC (,LL ) in a given medium can then be found by fitting the averaged

OCT A-scans to the model described in equation (3). The CF algorithm used in Faber’s method finds the
2

maximum likelihood estimation by minimizing 4 , which is given by:

2
e ﬁ,‘ Y, —f();;al...aM)
" . @

, X, . L . a
Where Vi are the recorded intensities, ‘are depths, f is the model written in equation (2), and / are

the fitted parameters to be determined (in this case the fitted parameters are H and a multiplier A to
equation (2)). An example of an application of the CF method is shown in Figure 4, where different types
of atherosclerotic tissue can be differentiated (27) on the basis of different attenuations.

— - —fibrous
++++ lipid

10' ,'-'.f '~\ — calcified

relative power P(z)/PO(z)

0 100 200 300 400 500
depth (um)

Figure 4. CF method applied to ex vivo atherosclerotic plaque characterization, where thick lines show
the fitting over areas of interest (Adapted from reference (27)).

In 2012, Vermeer et al. applied and updated Faber’s CF method for extraction of the AC in the retinal nerve
fiber layer (RNFL) of the eye by using the retinal pigment epithelium (RPE) as a reference layer to
normalize the OCT data (40). The reason for normalization is that before reaching the retina, the incident
light is first attenuated by the anterior segment and the vitreous region of the eye, so the power of light that
reaches the top layer of the retina (RNFL) is already a fraction of the initial incident light power. In essence,
they recognized that the total power incident on the retina fluctuates due to the differences in opacity and
the amount of vitreous humor the light must travel through (i.e., for different positions on the retina).
Because the RPE is a highly scattering layer in the retina that is assumed to be uniformly scattering, it was
5



chosen as a reference to normalize the total OCT signal of the RNFL.

The referenced CF method can be understood in the following way. According to Lambert-Beer’s law, the
differential equation for an attenuated light beam is given by (40):

di(z)=—u(z)I(z)dz . (5)

which makes M a depth-dependent AC and establishes a linear relationship between the incident light
intensity and the attenuated light intensity. The power of incident light at depth z into the medium can be
= —HZ . . . . .
expressed as: 1(2) Lge , where H'is the attenuation coefficient specific to the medium. The
S . . . —pz
backscattered light is a fraction of the attenuated light, which has a power of aul 0¢ at depth z, and

—2uz
a power of aul 0¢ at the detector. The additional factor of 2 accounts for the roundtrip attenuation.

By integrating over a depth range d, the total power of backscattered light from this depth range can be
expressed as:

I
S= jdo youl e dz :%(1 —e) ©

where S is the total OCT signal, /o is the incident light intensity, Y is the conversion factor that converts

the detected backscattered OCT signal to digital signal, and & is the fraction of light arriving at the layer
of interest. Therefore, the total OCT signal backscattered from the RNFL 1is given by:

— yaRNFLIO 1— e_Z‘uRNFLdRNFL
RNFL

, and the total OCT signal reflecting from the RPE layer is:

S — %(1 _ eizluRPEdRPE )eizluRNFLdRNFL
RPE
, assuming the intensity loss between the RNFL and RPE

layers is negligible. Then Vermeer et al. computes the ratio R of the total signal in the RNFL over the total
signal in the RPE:

S

R = ZRNFL _

SRPE WRPEIO (1 _ e’Z“RPEdRPE )eizluRNFLdRNFL aRPE (1 —-e
2

WRNFLIO (1 _ e_ZI"RNFI.dRNF‘L ) o eZ”RNFLdRNFL —1
2

RNFL

~2Hpppps )

()

. . d
Because the author assumes that the attenuation in the RPE and the thickness of the RPE, ~RFE | are constant
for a given person, the above expression can be simplified to

R= ﬁ(eZHRNpLdRNFL _ 1) ®

aRNFL

=2, d
o 1 —e RPE” RPE
B ; RP, E( ) B Mpnp ; ;
where /~ is a constant and equals . Then ~ and can be estimated by fitting
the model to the ratio R determined from intensity measurements, and the optimal fit is found by
minimizing the error defined by the L!-norm of the difference between the model and the actual data:

IOg{_ﬁ(ez:i _ 1) J

6
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With known B , the attenuation of the RNFL layer can be solved as:

log(g+1j

:Lt =
RNFL ZdRNFL - ( : 0)

This work underscores the importance of understanding the physiology of the underlying tissue to extract
meaningful measurements of the AC.

2.3.2.1 Depth-Resolved Method

One drawback of the CF method is that a large amount of data is needed to accurately fit a curve, leading
to an inability to extract values over small tissue regions. In the past few years, however, new approaches
have emerged for extracting AC that offer higher resolution than CF. For example, the DR model developed
by Vermeer et al. (32) in 2014 allows for estimation of the AC for each pixel, which enables pixel-wise
tissue-type differentiation in both homogeneous and heterogeneous tissues. This is in contrast to the CF
method, which only works with a single, uniform tissue type or requires an additional step of segmenting
the tissue manually or using automated methods (32, 33).

The DR method relies on two fundamental assumptions: first, light is attenuated almost completely within
the measured imaging depth range; second, the fraction of backscattered light collected by the photo-
detector of the OCT system from the attenuated light is a constant (32). Note that the latter assumption may
not be true in the case of significant attenuation due to absorption. Vermeer’s method enables pixel-wise
estimation of the OCT data, and this is also based on the SS model. According to the linear relationship
between the incident light intensity and the attenuated light intensity in equation 5, at the zero-depth

condition ( Z =0, boundary condition), equation (5) can be solved as:

_ g v
L(z)=1ge ’ (1

where L(z) is the attenuated light intensity at depth Z and the incident light intensity is given by ©. The
actual detected OCT signal can be expressed in equation (12),

1(2) = Axu(2)] e~2Js nwau 12
0

where the factor 2 accounts for the round-trip attenuation of light in tissue, A s the constant ratio of
backscattered light to total attenuated light, and K is the conversion factor during digitizing and integrating

of the signal. Then the AC in a given region of the medium can be estimated by solving for H(z) with a
depth range D:

(13)

Equation (13) allows definition of the AC on a continuous domain, so if a pixel-wise coefficient value is
desired, then the intensity measurements need to be integrated and average over the pixel size A | which
is commonly related to the coherence length of the light source. When the integral is solved for each pixel,
| I[i
uli]l=—-Iog 1+%
~ ; 24 o) log(1+x) ;
the expression can be written as: i1 . Simplifying the term with a
first-order linearization, which is equivalent to x assuming x is small, the expression can be re-written as:

7
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Vermeer’s DR method improves estimation of the AC in that it does not require fitting a curve to OCT
signals, which may be affected by noise in the data. Pixel-wise estimation enables application on multi-
layered tissues, as shown in Figure 5, and because this method compares the local OCT signal to the integral
of signals from deeper layers, it allows accurate estimation from thin or superficial layers.

o

o,
>

3,
Att. coeff. (mm“‘)

OCT data (A.U.)

o
N

2 2"5 3 ; 1‘,5 é 2?5 Z":
Depth (mm) Depth (mm)
Figure 5. Depth profile (A-scan) of a layered phantom (a) and the pixel-wise attenuation estimated using
the DR method (b).With DR estimation, pixel-specific AC measurement can be achieved. Thick red lines
indicate depth ranges where measurements were taken (Adapted from (32)).

Sensitivity fall-off is a phenomenon that affects the perceived OCT intensity in SD-OCT systems. This
phenomenon leads to a decrease of system sensitivity with depth due to the greater reduction of fringe
visibility by the finite resolution of the spectrometer at higher fringe frequencies (41). The effect caused
by this sensitivity decay was also considered in Vermeer’s method, where they employ a Gaussian model
of imaging depth z and width O :

722

=
S(z)=e s
where the width of the Gaussian model O can be determined from sensitivity measurements. Vermeer’s
group corrects this fall-off effect by dividing each A-line measurement by this sensitivity factor S(z).

One limitation of the classical depth-resolved method is that it does not take the confocal function into
consideration. In low AC regions, the dependency on the confocal function is significant. Vermeer et al.
circumvent the need to account for confocal parameters in their algorithm by placing the focal plane above
the sample (i.e., with the effect of forcing the region of interest to be acquired in a domain where the
confocal function is almost constant), but this leads to over-estimation in low-attenuation regions.

In 2016, Smith et al. introduced a modification of the depth-resolved method, termed the Depth-resolved

Confocal (DRC) method, that accounts for both the confocal function h(z) and sensitivity fall-off effect
in processing the OCT signal (42). The DRC method addresses the issue with the depth-resolved method
that accurate ACs can only be extracted when the focal plane is not located in the tissue sample, a condition
that does not hold true for many common clinical applications and also leads to reduced signal to noise
ratio (SNR) (32). With DRC, AC can be extracted while the focal plane is placed within the sample.

In Smith’s work, a more comprehensive sensitivity fall-off model(41) is used, allowing more accurate
estimation of AC to be extracted than the Gaussian model used by Vermeer’s Depth-resolved method. The
comprehensive model accounting for the sensitivity fall-off effect used in Smith’s paper is expressed as

S(z):
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source, is the wavelength spacing between pixels, and is spectral resolution of spectrometer
(FWHM). By combining equations (2), (12) and (16), the final light attenuation model used in Smith’s
work becomes:
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where the confocal function A(z) is determined experimentally with known locations of the focal plane and
the Rayleigh range of OCT system, and the parameters of the sensitivity fall-off function were determined
by imaging a neutral density filter and fitting the data to Equation 15. With the updates Smith et al. made
in DRC, AC measurement can be extracted without restrictions on focal plane position, which permits
imaging with enhanced SNR and enables AC measurement for a wider range of clinical applications.

2.3.3Previous Demonstrations

Vermeer et al. and van der Schoot et al. applied measurement of the AC to differentiate glaucomatous
tissue from normal retinal tissue, specifically in the retinal nerve fiber layer (RNFL) (22, 36). Vermeer et
al. used CF, with the RPE serving as a reference layer (22), to extract the AC values for healthy, mildly

glaucomatous, moderately glaucomatous and severely glaucomatous eyes (AC values of 4.78 £0.46 mm

1, 4.09%0.34 mm?, 3.1410.22 mm™ and 2.93 £0.33 mm"', respectively). The AC results show that the
AC in the RNFL decreases as the level of glaucoma progresses. van der Schoot et al. hypothesize that the
decrease in AC is related to pathological changes in the eye and is due to the reduction of nerve fiber
density in glaucomatous RNFL that occurs when ganglion cells degenerate (36), (43). In previous studies,
the decreased density has been associated with RNFL tissue properties changes such as the reduction of
birefringence and reflectance in the RNFL even prior to the thinning (10, 19, 44). The hypothesis is that
the decrease in ganglion cell axon density also leads to less scattering in the RNFL, which in turn causes
diminished AC values. As glaucoma stage advances, the axon density will continue to decrease, resulting
in reduction of the AC. Therefore, the AC can serve as an indicator of glaucoma presence and severity even
prior to when structural changes can be visualized. Vermeer et al. also generated en face AC maps, which
allow visualization of attenuation patterns in the retina of both healthy and glaucomatous eyes along with
corresponding thickness maps, as shown in Figure 6 (22). Vermeer concluded that AC measurement
provides comparable results to the thickness measurements and shows promising potential in early
glaucoma assessment and diagnosis.

Figure 6. RNFL thickness mapping (left) vs. RNFL AC plot (right) of a glaucomatous eye. Red arrow
indicates the location of affected tissue, which coinciding with reduced thickness in infero-temporal

region (Adapted from (40)).



While these previous studies have shown a significant difference between ACrnrL values in healthy and
glaucomatous eyes (p < 0.001),(22, 23) the method used in those relies on determining the intensity ratio
between two scattering layers — the RNFL and the retinal pigment epithelium (RPE). For convenience, that
algorithm will be referred to as the layer intensity ratio (LIR) method — a curve-fitting-based method.
Unfortunately, LIR requires segmentation of the retina, an extra step in the processing pipeline that
typically requires manual input.

New variations of a depth-resolved method of extracting the AC have been introduced recently, including
the AutoConfocal method.(32, 42, 45) These methods remove the need for segmentation and increase the
resolution of the AC measurement by allowing pixel-wise estimation,(32) which can be important in
detecting smaller changes that occur in early glaucoma.

In the following chapters, we explore the potential of the AutoConfocal + DRC method, henceforth referred
to as the DRC method, to differentiate glaucomatous disease states in volunteers with normal vision,
glaucoma suspects, and patients with mild and moderate/severe glaucoma. Our primary goal is to
demonstrate the degree to which DRC can differentiate healthy from glaucomatous individuals compared
to LIR algorithm. In addition, our inclusion of glaucoma-suspect patients allows us to investigate the
clinical value of the AC of the RNFL for early glaucoma detection, which has not been previously explored.
Lastly, with the depth-resolved information we extracted from the DRC analysis, we introduce new depth-
dependent parameters that show promise as potential diagnostic biomarkers.
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CHAPTER 3

Comparison of Curve-Fitting and Depth-Resolved Methods in Deriving AC of the RNFL

3.1 Abstract

Optical coherence tomography (OCT) is a standard-of-care tool to image the retina for detection and
monitoring of the development of glaucoma. Thickness measurements from OCT intensity images have
several drawbacks and were shown to be insufficient to detect early-stage glaucoma. The optical
attenuation coefficient (AC) is a tissue-specific parameter that could serve as diagnostic biomarker for
glaucoma. Several extraction methods of AC have been proposed. In this chapter, we explore how two
popular AC extraction methods — curve-fitting and depth-resolved based methods — compare in
measurement of the AC of the RNFL. We also report measurements of the AC in glaucoma patients,
glaucoma suspects as well as healthy individuals.

3.2 Materials and Methods

3.2.1 Human Subject Recruitment

With approval from the Institutional Review Board of Vanderbilt University (IRB #190937), we recruited
patients presenting to the Vanderbilt Eye Institute who were previously diagnosed with glaucoma or high
risk of glaucoma based on standard-of-care methods, including a visual field test, biomicroscopy and OCT.
Informed consent was obtained after thorough explanation of the study. Glaucoma severity was determined
by the mean deviation (MD) of the visual field test (Humphrey field analyzer II, Carl Zeiss Meditec), where
mild glaucoma cases had an MD ranging from 0 to -6.0 dB and moderate/severe cases had an MD worse
than -6.0 dB. Eyes with visual acuity (VA) worse than 20/50 were excluded from analysis. Glaucoma
suspects were identified by clinicians: these patients had high risk of glaucoma by showing some suspicious
feature during exam, such as optic nerve asymmetry, a family history of glaucoma, or a high intraocular
pressure (IOP), but had not shown functional damage on the visual field test or thinning of the RNFL on
OCT scans. Age-similar healthy volunteers were recruited as a control population. For inclusion, healthy
participants needed to have a healthy eye history (except for uncomplicated cataract surgery), IOP of 21
mm Hg or lower, no signs of glaucoma when examining the optic nerve appearance and 20/25 or better
VA. Individuals with a visually significant cataract (without receiving surgery) were excluded from the
study, to avoid poor signal quality.

3.2.2 Participant Imaging
For each eye, we collected three B-scans in succession in a single sitting, with each of the three scans
varying the depth of the focal plane to allow extraction of the confocal parameters from the AutoConfocal
algorithm.(31) All scans were acquired on the Zeiss Cirrus 5000 Spectral Domain OCT machine (Carl
Zeiss Meditec, Inc, Dublin, CA). A built-in eye-tracker was used during image acquisition to ensure that
the scans were collected from the same location in the eye. The Cirrus scan was taken as one line of a 9-
mm scan tilted at 7 degrees, centered on the optic nerve and the fovea.

3.2.3 Manual Segmentation
To demonstrate the comparative performance of DRC vs LIR for differentiating healthy from glaucomatous
individuals, we performed manual segmentation of the inner and outer surface of the RNFL and of RPE of
each B-scan, as required by the LIR algorithm. One annotator, while masked to clinical data, manually
labeled the RNFL and RPE on a photo-editor software (Digital Ruby, LLC. YouDoodle Pro. Version 7.9.0)
and then imported the labeled B-scans to a custom MATLAB (The Math Works, Inc. MATLAB. Version
2018b) algorithm for extraction of the layer information. The annotation was validated by another observer,
who was also masked to the clinical information. Note that the outer RPE surface (purple line in Figure 7,
left column) was segmented by hand while the inner RPE surface (blue line) was marked by offsetting the
outer surface by a fixed number of pixels, as has been done in prior work.(23) This method assumes that
the RPE has a constant thickness in the B-scan. The extracted surfaces were smoothed with local regression
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using a second-degree polynomial model and a weighted linear least squares algorithm to remove non-
biologically realistic features in the manual segmentation (e.g., sharp edges and straight-line segments).

Segmentation Region Selection AC Calculation
Manually label RNFL and RPE; 20 AC estimations
extract RGB color channels (1 AC per A-scan)

LIR method Eq. 20 For each B-scan,

average 20 AC
estimations from  Qutput:
20 A-scans 1 AC value
for each
B-scan

R
For each A-
23 scan, average
: — Eq. pixel-wise AC
et — o S

o
[ == ‘ —
DRC method

b

Figure 7. Flowchart of data processing steps to acquire AC estimations from B-scans

9

3.2.4 Region Selection

The target site of analysis was a 20-A-scan region located at a 1.3-mm distance from the center of the optic
nerve head (ONH),(23) shown in the middle column of Figure 7. This region was selected because it is the
most clinically relevant region on the retina for RNFL assessment: most RNFL thickness measurements
are performed on a ring-shaped region 1.3 mm or 1.7 mm away from the ONH.(11, 46)

3.2.5 AC Calculation
The steps we took to obtain the AC estimations with the LIR method and the DRC method are illustrated
in the right column of Figure 7.

AC calculations with the LIR method: This method is a derivation based on the original curve-fitting AC
algorithm introduced by Faber et al.: the light intensity is modeled as
1(z) x h(z)e™%#%, (18)

_ 2 -1
where £ is the confocal function, h(z) = ((Zzﬁ) + 1) , and zcr and zr denotes the system parameters,
R

the focal plane depth and the apparent Rayleigh range, respectively. In the papers by Vermeer(22, 40) and
van der Schoot(47) in 2012, they extended the original curve-fitting method to extract the AC from the
RNFL, utilizing the RPE as the reference layer, where intensity ratios of the RNFL and RPE can be
expressed as:

_ SRNFL _ W(i— e 2HRNFLARNFL) _ agnrL(e?HRNFLARNFL_1) 19

" SppE @(1_ e 2MRPEIRPE) ¢ ~2HRNFLARNFL " appp(1- e 2HRPEIRPE) ’ (19)

where S is the total OCT signal in a given depth range, y is the conversion factor, « is the fraction of light
at the layer of interest, and /o is the incident light intensity. Equation 19 can be simplified by combining
the constant terms and finding an optimal fit, which allows the authors to arrive at a constant:
B (B = 2.3). The final expression is shown in Equation 20, where y is the AC of the RNFL determined per
A-scan, R is the intensity ratio of the RNFL and RPE, and drnrr is the thickness of the RNFL:
10g(%+ 1)
H= 2:dRrNFL’ (20)

In total we calculated 20 AC measurements from the 20-A-scan region for every B-scan. We then
determined one AC value for each B-scan by averaging the 20 A-scan AC measurements. Lastly, we
averaged the AC measurements from the three B-scans we collected from each eye and used the averaged
AC measurement for statistical analysis.

AC calculations with the DRC method: We generated AC mappings for the corresponding B-scans with
the DRC algorithm. The DRC is based on the original depth-resolved method, introduced by Vermeer et
al. in 2014. Here, the light intensity is modeled as
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1(z) = Ayh(2)u(z)lpe 2o H0a, (21

where 4 is the backscattering ratio. The AC, accounting for a maximum imaging depth D, can be solved
as

1(2) 1(z)
= =) =~ . 22
) 2 [, Iwadu szD I(w)du (22)

The discretized AC measurement for each pixel i with pixel size A is given by

21 1[i]
ulil = ” log(l + Z?ill[i]) , (23)
and thus a cross-sectional AC mapping is generated per B-scan with pixel-wise AC estimation.

For a direct comparison with the LIR results, the same 20-pixel-wide region was selected from the AC
mapping for estimation. Because the DRC method provided pixel-wise calculation of AC (that is, it
produces an AC value for every pixel within an A-scan), we took the mean of the depth-dependent ACs in
the RNFL region for each A-scan to yield 20 averaged A-scan AC measurements per B-scan. Then, we
calculated one AC value for each B-scan by averaging the 20 A-scan AC measurements. Lastly, we
determined an averaged AC measurement for each eye from its three B-scans.

3.2.6 Statistical Analysis
Statistical analysis of differences between pairs of study groups on the testing parameters (ACLr, ACprc
and depth-dependent AC parameters) were based on the nonparametric Mann-Whitney U test.
Comparisons between the LIR and DRC methods were done through the Wilcoxon matched pair test. To
compare the patient information and scan quality across all study groups, we used Kruskal-Wallis test,
where Gaussian distributions were not assumed. VA measurements were converted into the LogMAR scale
for statistical analysis.

3.3 Results

3.3.1 Participant Demographics

We imaged and analyzed 44 eyes from healthy volunteers and from patients presenting to the Vanderbilt
Eye Institute who were previously diagnosed with glaucoma or high risk of glaucoma. Of the 44 eyes, 10
were considered glaucoma suspects, 12 had mild-stage glaucoma, 12 had moderate- or severe-stage
glaucoma, and 10 were healthy controls. Note that four healthy eyes analyzed in the study have had cataract
surgery and had an intraocular lens implant present at the time of imaging. Table 1 shows the mean and
standard deviation of patient age, [OP and VA of eyes included in each study group. The mean ages of the
healthy group, glaucoma-suspect group, mild glaucoma group, and moderate/severe glaucoma group were
72.3,71.5,70.4, and 71.2, respectively. There were no significant differences among the mean ages of the
study groups (p = 0.85) and thus we considered our study groups as age-similar. Therefore, although aging
is known to contribute to changes in the RNFL,(8) we can assume that the changes in AC that we observed
among different study groups were not related to age but, rather, to disease progression. The IOP did not
differ significantly across the study groups. In contrast, VA showed correlation with disease severity, as
patients may have worse VA at more advanced glaucoma stages. We also recorded the signal strength of
the scans, and the lowest recorded signal strength was 6/10. We did observe signal strength variations
across the study groups. However, we did not expect that the differences in the signal strength would affect
our measurements, as previous studies have shown that the small changes observed in the RNFL thickness
when the signal strengths drop from 10/10 to 6/10 are not considered clinically significant.(48)
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Study subject statistics

Healthy Glaucoma Mild glaucoma Moderate/severe p-value
suspect glaucoma
Age (years) 723+£9.9 71.5+10.5 704 £12.6 71.2+12.3 0.85
IOP (mmHg) 144+3.1 155+£3.1 18.5+4.1 155+5.4 0.09
VA (LogMAR) 0.0 £0.05 0.17+0.12 0.17+£0.12 0.26 £0.11 <0.001
Signal strength 8.5+£0.9 83+£13 7.6+1.0 6.6+0.7 <0.05
Sample Size 10 10 12 12 -

Table 1. Study subject statistics: Mean and standard deviation of age, intraocular pressure (IOP), visual

acuity (VA), signal strength and sample size of each study group. The p-values, calculated for each row,

indicate whether there are statistically significant differences among the study groups (p < 0.05 suggests
statistically significant differences).

3.3.2 DRC vs. LIR

We studied whether the DRC method had comparable performance and produced similar results to LIR.
Representative OCT B-scans and the corresponding AC mappings from healthy, glaucoma suspect, mild
glaucoma and moderate/severe glaucoma eyes are shown in the top two rows of Figure 8. When comparing
across the disease stages, the AC mapping allows direct visualization of disease progression, with
decreasing AC values in the more severely impacted RNFL. The bottom row of Figure 8 shows the depth-
dependent AC measurements (solid pink line) and mean AC (dashed pink line) from the DRC method and
the single-valued AC calculated from the LIR method (solid blue line) for the A-scan denoted with an
arrow in the middle row.

Moderate/severe
Healthy Glaucoma suspect Mild glaucoma glaucoma

B-scan

AC
mapping

DR vs LIR

0 ~— 0 0
0 0.025 0.05 0075 0 0.025 0.05 0075 0 0.025 0.05 0075 o0 0.025 0.05 0.075
Depth into RNFL [mm]

Figure 8. OCT B-scans and corresponding AC mappings of healthy (OS), glaucoma suspect (OS), mild
glaucoma (OS) and moderate/severe glaucoma eyes (OS); bottom row shows extracted depth-dependent
AC value by the DRC method and LIR method from the A-scan indicated by the white arrow. OS: left
eye. Scale bar: 0.25 mm.

DRC and LIR yield comparable AC estimations without statistically significant differences (p > 0.5 for all

severity groups). The average AC measurements, ACprc and ACLr, are plotted in Figure 9 for the DRC
method and LIR method, respectively.
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Figure 9. ACs from DRC and LIR and the calculated differences (absolute value shown in plot) between
the two methods in healthy and glaucomatous eyes. * p < 0.05, *** p <0.005, ns: no significance. p
values shown on plot are calculated based on ACprc. Error bars represent standard deviations.

The estimated AC values from ACprc and ACLir are 4.15 (95% C.1. 3.72 - 4.58) vs. 3.91 (95% C.1. 3.39 -
4.43) mm™, 2.98 (95% C.1. 2.25 —3.71) vs. 2.84 (95% C.L. 2.05 - 3.62) mm™', 3.13 (95% C.I. 2.74 — 3.52)
vs. 2.84 (95% C.I. 2.28 — 3.40) mm™' and 2.37 (95% C.L. 1.82 —2.91) vs. 2.16 (95% C.I. 1.58 — 2.74) mm
! for healthy, glaucoma suspect, mild glaucoma and moderate/severe stage glaucoma, respectively. Note
that the ACs for both methods are able to distinguish healthy eyes from glaucoma suspects and
glaucomatous eyes. Table 2 reports the estimated AC values from the two algorithms for each severity
group and tests for statistical differences between the results from the two algorithms. Differences between
the groups were not statistically significant (p value < 0.05 is considered significantly different).

RNFL attenuation coefficient measurements

Healthy Glaucoma suspect Mild glaucoma Moderate/severe
glaucoma
mean p-value mean p-value mean p-value mean p-value
ACprc [mm™] 4.15 2.98 3.13 2.37
ACu [mm'] 391 0.11 (ns) 284 0.16 (ns) 284 0.34 (ns) 216 0.13 (ns)

*ns: not significant.

Table 2. Mean RNFL attenuation coefficient calculated from layer intensity ratio (ACLIR) and depth-
resolved (ACDRC) methods measured in healthy eyes and glaucomatous eyes [mm-1].

3.4 Discussion and Conclusion

In this study, we applied depth-resolved AC analysis with the DRC algorithm to the detection of early-
stage glaucoma and showed that it has comparable performance to the LIR method when analyzed with
averaged AC values. The results in Figure 9 and Table 3.2 do not show statistically significant differences
when comparing the ACs extracted by DRC and LIR method from each study group, which suggests that
DRC is as effective at predicting ACs from the RNFL as LIR and can be used to derived diagnostic metrics
for evaluating pathological changes.

A previous study has shown that the AC can successfully differentiate glaucomatous eyes from healthy
ones.(22) However, the disease population in that study was restricted to moderate glaucoma. In our study,
we show that the mean AC is a valuable metric for detecting even early-stage glaucoma by including a
mild glaucoma group as well as a glaucoma-suspect group. Comparing the mean AC across study groups,
we observe a decrease in the measurement as the disease stage advances. This decrease can be explained
by the reduced density of nerve fibers and retinal capillaries, both of which have been shown in the
progression of glaucoma.(7, 22) This explanation is also supported by the finding of the decrease in the
RNFL birefringence in glaucoma patients, as the alignment of axons is disrupted when axonal death
occurs.(19, 49)

A major advantage of the DRC algorithm is that it does not require segmentation of the retinal layers (i.e.,
RNFL, RPE, or GCL) to obtain attenuation coefficient measurements. Moreover, it is robust against cases
of a thin RNFL or irregularly shaped retina; whereas, segmentation of the RNFL is more likely to fail and
would result in inaccurate calculation of the attenuation coefficients using the curve-fitting or the LIR
algorithm. While automated segmentation could remove a barrier to LIR implementation, DRC still holds
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an advantage that it enables visualization of pixel-wise changes of the RNFL in cross-section, which may
enable detection of earlier glaucomatous changes that would otherwise be missed from a regular OCT
image or an en face AC mapping. In cases where an averaged regional reading from the AC map, or
quantitative, depth-dependent AC measurements were to be desired, AC-enabled auto-segmentation could
be easily incorporated, and has been shown to yield superior performance for segmentation than its
intensity-based alternatives.(50, 51)
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CHAPTER 4

Definition of Novel AC-based Biomarkers for Detection of Early-Stage Glaucoma

4.1 Abstract

The ability of the DRC to extract depth-wise information also enables us to extract new metrics (the slope
and the residual) to describe the changes of AC along depth. We find that the information extracted from
the depth-dependent AC may add diagnostic value. Therefore, in this chapter, further investigations are
performed on the depth-resolved AC measurement, and we compare the extracted values from the four
study groups. Additionally, biological reasonings behind the observed changes are discussed.

4.2 Materials and Methods

4.2.1  Human Subject Recruitment

This study was performed under approval from the Institutional Review Board of Vanderbilt University
(IRB #190937). We recruited patients presenting to the Vanderbilt Eye Institute who were previously
diagnosed with glaucoma or high risk of glaucoma based on standard-of-care methods, including a visual
field test, biomicroscopy and OCT. Informed consent was obtained after thorough explanation of the study.
Glaucoma severity was determined by the mean deviation (MD) of the visual field test (Humphrey field
analyzer II, Carl Zeiss Meditec), where mild glaucoma cases had an MD ranging from 0 to -6.0 dB and
moderate/severe cases had an MD worse than -6.0 dB. Eyes with visual acuity (VA) worse than 20/50 were
excluded from analysis. Glaucoma suspects were identified by clinicians: these patients had high risk of
glaucoma by showing some suspicious feature during exam, such as optic nerve asymmetry, a family
history of glaucoma, or a high intraocular pressure (IOP), but had not shown functional damage on the
visual field test or thinning of the RNFL on OCT scans. Age-similar healthy volunteers were recruited as
a control population. For inclusion, healthy participants needed to have a healthy eye history (except for
uncomplicated cataract surgery), IOP of 21 mm Hg or lower, no signs of glaucoma when examining the
optic nerve appearance and 20/25 or better VA. Individuals with a visually significant cataract (without
receiving surgery) were excluded from the study, to avoid poor signal quality.

4.2.2  Definition of Depth-Dependent AC parameters

A main advantage of the DRC method is that the AC can be calculated per pixel, which provides depth-
dependent information. By plotting pixel-wise AC measurements, we can visually observe changes in the
AC at different depths in the RNFL, as shown in the bottom row of Figure 8. For most regions, we noticed
a roughly linear, increasing trend in the AC vs. depth relationship, with some amplitude fluctuation (larger
fluctuations in healthier RNFLs and smaller fluctuations in the RNFLs of more advanced glaucoma
severity). To quantify the rate of increase and the amount of fluctuation of the AC measurements along
depth, we applied linear regression to define two parameters to describe the local changes of the AC: the
slope and the fitting residual.

For a given A-scan, we first normalized the depth vector, whose range comprises the thickness of the
RNFL. Next, we performed linear regression on the depth-resolved AC as a function of normalized depth
for each A-scan, where we determined a fitting slope and an averaged absolute fitting residual from each.
An example plot of the depth-resolved AC from a single A-scan and the linear fit is shown in Figure 10
(a). To reduce the fitting error and find the most linear region, five pixels near the top and bottom surface
of the RNFL were excluded from the analysis, as AC values tend to decrease dramatically near the layer
interface. As a result, two eyes from the moderate/severe group did not have sufficient data points in the
RNFL for performing the linear regression and therefore were excluded from analysis. Then, we repeated
the same calculation for all 20 A-scans in the region of interest and computed a mean fitting slope and
absolute fitting residual for each B-scan. Lastly, we determined the values of depth-dependent parameters
for a given eye by averaging the measurements from its three B-scans and used the averaged values in the
statistical analysis.
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Figure 10. Depth-dependent AC analysis of the RNFL. (a) Depth-resolved AC plotted against normalized
depth. (a) Depth-resolved AC plotted against normalized depth. (b) Averaged fitting slope of each study
group. (c) Averaged absolute fitting residual of each study group. * p <0.05, ** p <0.01, *** p < 0.005.

4.3 Results

4.3.1  Participant Demographics

We imaged and analyzed 44 eyes from healthy volunteers and from patients presenting to the Vanderbilt
Eye Institute who were previously diagnosed with glaucoma or high risk of glaucoma. Of the 44 eyes, 10
were considered glaucoma suspects, 12 had mild-stage glaucoma, 12 had moderate- or severe-stage
glaucoma, and 10 were healthy controls. The mean ages of the healthy group, glaucoma suspect group,
mild glaucoma group, and moderate/severe glaucoma group were 72.3, 71.5, 70.4, and 71.2, respectively.

4.3.2  Statistical Analysis on B-Scan Datasets

Our results indicate that there is more rapid increase and larger fluctuations in the pixel-wise ACs as a
function of depth in the healthy RNFL than the diseased RNFL. The mean fitting slope and fitting residual
for each study group are shown in Figure 10 (b) and (c). The fitting slope measurement can differentiate
suspect eyes and mild glaucoma eyes from the healthy eyes (p < 0.01 and p < 0.005, respectively) with
higher statistical significances than the mean AC measurements (p < 0.05). The statistical significance
improves when differentiating the suspect eyes from the healthy with the fitting residual (p < 0.005).

4.4 Discussion and Conclusion

We reason that the depth-dependent increase in AC near the outer surface of the RNFL is due to the
presence of radial peripapillary capillaries (RPC), which are long, straight vessels that run parallel with the
RNFL axons and are located near the RNFL and ganglion cell layer interface.(52, 53) In the study of
Cambell et al., the authors reported an increasing capillary density as a function of depth in the RNFL
(Figure 11), which agrees with the trend we observed in the depth-resolved AC data.(52)
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Figure 11. Retinal capillary density as a function of normalized depth and structural optical coherence
tomography layers. (Adapted from: Campell et al., Sci Rep. (2017)).

Therefore, we reason that the AC in the RNFL is associated with a combination of scattering and absorption
of light, where the RNFL axons contribute to the scattering and the blood in the RPC contributes to the
absorption. The decrease in the slope of the depth-resolved AC in glaucoma takes into the account the
reduction in the densities of both the nerve axon as well as the capillaries. The decrease in the fluctuations
of the AC along depth in more severe glaucoma cases may be explained by the loss of RPC density due to
glaucoma progression, as the capillary density has been reported as significantly lower in glaucomatous
eyes than healthy eyes, shown in Figure 12.(7, 54, 55)

RPC Angiogram

glaucomatous (bottom) eye. (Adapted from: Mansoori et al., Saudi Journal of Ophthalmology. (2018)).

When compared to the RNFL reflectance, the depth-dependent AC analysis may be a more reliable
measurement because it measures the rate of signal decay and is independent of the signal strength.(21)
Both the reflectivity and the birefringence of the RNFL have been shown to be more sensitive to disease
progression than thickness measurements in glaucoma, and it was reasoned in the literature that the
disruption of the integrity of the axonal cytoskeleton caused by glaucoma could lead to changes in the
reflectivity and birefringence in early onset glaucoma and even glaucoma-suspect patients, which precedes
noticeable reduction in the RNFL thickness.(10, 19) Since the AC is the measurement of the rate of light
attenuation and is inherently correlated with reflectivity and tissue birefringence, we expect that the AC,
too, could serve as a diagnostic parameter to enable earlier detection and more accurate monitoring of
glaucoma.
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CHAPTER 5

Conclusions

5.1 Summary and Conclusion

Detecting early-stage glaucoma remains a challenge in current clinical practice. In this study we assessed
the ability of the optical attenuation coefficient (AC) of the retinal nerve fiber layer (RNFL) to detect early-
stage glaucoma, compared the performance of two AC extraction algorithms, and introduced new depth-
dependent diagnostic parameters. Our results suggest that the AC is a promising parameter for early
glaucoma detection in addition to measurements obtained from conventional retinal OCT scans, such as
RNFL thickness. We also showed that depth-dependent AC analysis is an even more sensitive measure to
monitor and detect early signs of glaucoma.

5.2 Recommendation for Future Directions

It is important to note that both the original depth-resolved algorithm and DRC make the assumption that
the light intensity decays to zero at the end of the imaging range.(32, 42) However, when this assumption
is not true, the resulting AC values suffer from over-estimation for pixels near the bottom of the image.(45,
56) In this paper, the retinal structure of interest, the RNFL, was placed in the top half of each B-scan;
therefore, our analysis only minimally suffers by not implementing an end-of-range correction. Note that
this issue would be problematic if one were to study tissue structures located near the end of the imaging
range, as the AC values could peak and lead to erroncous mean AC, as well as an erroneous depth-
dependent AC analysis. Solutions have been proposed to address this issue, where over-estimation is
corrected for in pixels near the bottom of the image.(45) This correction should be incorporated into the
depth-resolved AC extraction algorithm in future studies for more accurate estimations.

A limitation of this study is that, due to the availability of data, we only acquired high-resolution images
and corresponding analysis of a limited area of the RNFL: the temporal region. This limitation may explain
the overlap of AC values between the healthy and early-stage glaucoma eyes, as glaucoma may have
affected the superior or the inferior quadrants more dramatically than the area where we took the
measurement. However, the promising results shown in the depth-dependent AC analysis encourage future
studies in all quadrants of the optic nerve with a greater number of patients. Another limitation was the use
of manual segmentation to perform the analysis. This was done because reliable automatic segmentation
of the RPE for the high-resolution line scan data was not available at the time of the experiment. However,
such algorithms are widely available for volumetric data for the ONH. As one proceeds to the collection of
volumetric data for further research, they should adopt automatic segmentation approaches for more
efficient analysis.

5.3 Contribution to the Field and Societal Impact

Many new diagnostics biomarkers with potential to detect earlier changes in the RNFL than the thickness
measurement have been proposed in recent literature, including RNFL birefringence(19, 49, 57) and
reflectance,(10, 58) which are tissue-optical-property-based metrics. Although studies have shown
promising results for the RNFL birefringence in differentiation of early-stage glaucoma,(49, 57) this
method relies on the use of polarization-sensitive OCT, which greatly hinders its potential for clinical
translation because the generation and analysis of polarized light requires additional components, which
adds to the overall expense and complexity of the system. The AC, which is also based on tissue optical
properties, may be a complementary or even superior metric to the clinical standards, such as the RNFL
thickness measurement. A previous study has demonstrated the structure-function correlation of AC to the
mean deviation of the visual field test in glaucoma population.(23) When compared to thickness-based
analysis, such as in the RNFL or GCL, the AC measurement may be less affected by natural biological
variation,(17, 59) as the ACs are based on the contrast of internal tissue structures. When compared to other
emerging tissue-optical-property metrics, the DRC method and the depth-dependent AC parameter
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extraction we use here can be performed on currently available OCT systems that are already widely
distributed in clinical practices worldwide.

Additionally, our study reports the AC from glaucoma-suspect patients, which is a population that was
omitted by previous studies on the AC. The AC measured from this group falls between the ACs of the
normal and the confirmed glaucoma population. Longitudinal studies on glaucoma-suspect patients may
reveal the potential of AC and depth-resolved AC analysis for establishing a threshold for the possibility
of the actual development of glaucoma in these patients. The healthcare benefits of deploying this analysis
are that it could serve as a form of triage that could permit more efficient dedication of clinical resources
to follow-up and provide timely treatment to true glaucoma patients, as the current clinic is overpopulated
by glaucoma suspects.

In summary, the use of the AC as extracted from the DRC has strong potential to assist with clinical
evaluation of early-stage glaucoma. To this end, a strong advantage of the method we proposed in the paper
is that it introduces minimal changes to the current clinical workflow, as it does not require extra hardware
or extensive data collection. The limitations of the current study include the small sample size, as well as
the limited region of analysis. A volumetric analysis of the depth-dependent AC in the entire region of the
ONH is recommended for future studies, where retinal volume scans should be acquired from a larger
number of participants, the ACrnrL could be extracted from all quadrants for analysis and a classifier could
be built for assessing the performance of these newly defined metrics against the traditional ones, such as
thickness measurements.
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