Modeling the Structure-Function Relationship between Retinal Ganglion Cells and Visual
Field Sensitivity and the Changes Due to Glaucomatous Neuropathy
Ali S. Raza

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
under the Executive Committee
of the Graduate School of Arts and Sciences

COLUMBIA UNIVERSITY
2014

© 2014
Ali S. Raza
All rights reserved

ABSTRACT
The Structure-Function Relationship between Retinal Ganglion Cells and Visual Field
Sensitivity and the Changes Due to Glaucomatous Neuropathy
Ali S. Raza
Relatively new technology called optical coherence tomography allows direct and
non-invasive in vivo imaging of retinal anatomy in human subjects. There are several
interesting applications of this technique, including testing models relating retinal anatomy
(structural measures) to behavioral thresholds of light sensitivity (functional measures). In
addition to potentially improving our understanding of this relationship and how it
changes during the course of neurodegenerative diseases of the eye such as glaucoma,
analyses of these data may allow for early identification of glaucomatous neural damage in
the retina, which has considerable clinical relevance.
Here, the underlying assumptions and generalization of a previously developed
model of the structure-function relationship in glaucoma was tested by applying this model
to a novel dataset. This model has been influential in the literature because it purports to
accurately estimate the number of retinal ganglion cells; however, it was found to have
several questionable assumptions and did not generalize well. Next, a new method of
estimating the number of retinal ganglion cells from optical coherence tomography was
developed. This method uses fewer and more defensible assumptions and demonstrated
good agreement with independent histological estimates. Finally, a new method, using
computer simulations, was developed for analyzing data from optical coherence
tomography in order to distinguish early signs of glaucomatous changes in retinal anatomy
from variability in structure among healthy retinas, and this method performed better than
previously published techniques.
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1.1 Glaucoma

1

Introduction: The Structure-Function
Relationship in Glaucoma

Glaucoma, the leading cause of irreversible blindness worldwide (Quigley & Broman,
2006), is the term given to a group of chronic neurodegenerative diseases of the eye that
damage the retinal ganglion cells (RGCs) and their axons in a characteristic manner,
resulting in associated defects in vision (Foster, Buhrmann, Quigley, & Johnson, 2002). An
individual with glaucoma may remain unaware of the disease for many years because the
initial visual deficits often occur in only one eye, sometimes include only peripheral vision,
usually progress very slowly, and typically manifest as visual absences that are “filled in” by
higher visual processes rather than appearing as darkness or blurriness (Janssen et al.,
2013). Unfortunately, the pathophysiology and genetics underlying glaucoma are not
well-understood; consequently, glaucoma is difficult to define strictly and is often
challenging to diagnose.

1.1

Glaucoma

1.1.1

The classifications of glaucoma and their relationship with
intraocular pressure

There is currently no consensus on what exactly constitutes glaucoma. Perhaps the most
well-defined classification of glaucoma is based on the presence of a physical obstruction in
the trabecular meshwork (Figure 1.1), a spongy tissue in the eye between the cornea and
the iris which is responsible for the drainage of the aqueous humor from the posterior
chamber (posterior to the iris) to the anterior chamber (between the iris and the cornea)
through a channel called the canal of Schlemm (Janssen et al., 2013). The region where the
trabecular meshwork is located is often called the iridocorneal angle or the anterior
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chamber angle. Thus, if a physical obstruction in the trabecular meshwork is apparent, then
the subtype of glaucoma is angle-closure, and if it is not apparent, the subtype is open-angle
(King, Azuara-blanco, & Tuulonen, 2013).

Figure 1.1: Histology of the anterior chamber (light micrograph
from a healthy human eye). Abbreviations: trabecular meshwork
(TM), ciliary body (CB), and ciliary muscle (CM). [From Figure 2 of
(Janssen et al., 2013).]
While glaucoma is often thought to be associated with elevated pressure in the eye
(i.e., increased intraocular pressure), this is neither a necessary nor a sufficient condition
for the diagnosis of glaucoma. In addition to open-angle and angle-closure, glaucoma can
also be divided into two major categories (see Figure 1.2) based on what is known about
the cause: primary and secondary (Casson, Chidlow, Wood, Crowston, & Goldberg, 2012;
King et al., 2013). Secondary glaucoma exhibits abnormally high intraocular pressure due
to an identifiable pathological cause (a known “etiology”), such as exfoliation syndrome
(Ritch, Schlötzer-Schrehardt, & Konstas, 2003) or pigment dispersion syndrome
(Lascaratos, Shah, & Garway-Heath, 2013), in which exfoliation fibrils or pigment
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molecules hinder drainage in the trabecular meshwork; the accumulation of these particles
can eventually cause angle-closure, further increasing the intraocular pressure. Unlike
secondary glaucoma, primary glaucoma has no identifiable pathological cause (it is
“idiopathic”). Primary angle-closure glaucoma results from tissue physically obstructing
the trabecular meshwork for an unknown reason, which greatly elevates the intraocular
pressure. Thus, both primary and secondary angle-closure glaucoma as well as secondary
open-angle glaucoma exhibit elevated intraocular pressure and are sometimes referred to
as high-tension glaucoma. However, for primary open-angle glaucoma, the most common
subtype, the relationship with intraocular pressure is not as clear. A significant subset of
primary-open angle glaucoma does not exhibit abnormally high intraocular pressure and is
therefore referred to as low-tension or normal-tension glaucoma (Anderson, 2011).

glaucoma

primary
[idiopathic]

normal-tension
glaucoma (NTG)

primary openangle glaucoma
(POAG)

primary angleclosure glaucoma
(PACG)

high-tension
glaucoma (HTG)

juvenille-onset
openangle
glaucoma (JOAG)

secondary
[known etiology]

primary
congenital
glaucoma (PCG)

usually openangle but may be
angleclosure

exfoliative
glaucoma (XFG)

Figure 1.2: Classifications of glaucoma with common
abbreviations found in the literature. Green indicates normal
intraocular pressure whereas red indicates abnormally elevated
intraocular pressure. Note that the term high-tension glaucoma
(HTG) can refer to either a subset of primary open-angle
glaucoma (as shown in figure) or to any form of glaucoma with
high intraocular pressure (i.e., any red box). [Loosely adapted
from (Casson et al., 2012; King et al., 2013).]
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1.1.2

The pathophysiology of glaucoma as it relates to intraocular
pressure and retinal ganglion cells

1.1.2.1

Evidence suggesting similar causes underlying normal- and
high-tension glaucoma

One framework of a unified underlying cause for both normal tension and high tension
glaucoma asserts that glaucoma is caused not by high intraocular pressure per se but
rather high translaminar pressure, defined as the net pressure differential between
intraocular pressure and intracranial pressure (Janssen et al., 2013). In this model (see
Figure 1.3), normal intraocular pressure can still lead to a high translaminar pressure if
there is a low intracranial pressure (resulting in normal tension glaucoma), and likewise,
high intraocular pressure can still yield a normal translaminar pressure if there is a high
intracranial pressure (resulting in ocular hypertension).

normal IOP

high IOP

low intracranial
pressure

normal
intracranial
pressure

normal
intracranial
pressure

high intracranial
pressure

high net
translaminar
pressure

normal net
translaminar
pressure

high net
translaminar
pressure

normal net
translaminar
pressure

HTG

OHT

NTG

normal

Figure 1.3: Diagram of the translaminar pressure model of
glaucoma.
Abbreviations:
intraocular
pressure
(IOP),
normal-tension glaucoma (NTG), high-tension glaucoma (HTG),
and ocular hypertension (OHT). [Inspired by (Janssen et al.,
2013).]
When groups of axons of RGCs pass through the optic nerve head as nerve fiber
bundles, they pass through pores in a mesh-like network of collagen fibers called the
lamina cribrosa (Figure 1.4). The result of a high net translaminar pressure is a net force on
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the optic nerve head, which compresses the lamina cribrosa; this compression can disturb
retrograde transport in RGC axons or even physically crush the axons completely (Janssen
et al., 2013). A disruption in retrograde transport may lead to decreased availability of
neurotrophic factors such as brain-derived neurotropic factor, which is heavily involved in
RGC survival and death (by triggering apoptosis) during retinal development (Almasieh,
Wilson, Morquette, Cueva Vargas, & Di Polo, 2012). This model, which argues that high
translaminar pressure is the unified cause for both normal tension and high tension, is
supported by a recent study reporting that a reduction of intraocular pressure for normal
tension glaucoma patients resulted in a slower rate of disease progression (Mudumbai,
2013).

Figure 1.4: Histology of the optic nerve head (light micrograph
from a healthy human eye). Abbreviations: retinal ganglion cells
(RGCs) and lamina cribrosa (LC). [From Figure 3 of (Janssen et al.,
2013).]
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1.1.2.2

Evidence suggesting different causes underlying normal- and
high-tension glaucoma

A different hypothesis, however, suggests that RGC death, in at least some cases of normal
tension glaucoma, results from a mechanism entirely independent of translaminar pressure
on the optic nerve head (Almasieh et al., 2012). In this model, high levels of glutamate
result in excitotoxicity by binding to ionotropic glutamate receptors (N-Methyl-D-Aspartate
or NMDA), which results in a large influx of Ca2+, which in turn begins a chemical cascade
that triggers apoptosis. A more nuanced version of this hypothesis involves the dysfunction
of glial cells. In particular, abnormal Müller cells in the retina may play a role in glutamate
excitotoxicity or abnormal astrocytes in the optic nerve head may cause either RGC toxicity
through a different mechanism or prompt tissue remodeling in the lamina cribrosa. This
possible remodeling of the lamina cribrosa may be linked to vascular problems (as seen in
normal tension glaucoma) and may cause the RGC axons in the optic nerve head to become
more susceptible to damage even when the translaminar pressure is normal. Yet another
possible mechanism of RGC death in normal tension glaucoma is apoptosis trigged by
oxidative stress secondary to poor perfusion pressure caused by low blood pressure
(Mozaffarieh & Flammer, 2013).
In any case, these mechanisms of RGC death offer plausible possibilities of a
potentially distinct pathophysiology in normal tension glaucoma. On the other hand, some
of these mechanisms may simply be secondary to translaminar pressure, such as the role of
astrocytes in the optic nerve head, or perhaps, particularly in the case of the simple
glutamate excitotoxicity model (Almasieh et al., 2012), not involved at all in glaucoma.
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1.2

The relationship between structure and function

Though the exact pathophysiology of glaucoma continues to be debated, there is general
agreement that glaucoma is a disease of the RGCs, likely due to an insult at the optic disc.
However, the relationship between dysfunction or atrophy of the RGCs and the resulting
impact on vision is also not fully understood. Of particular interest here is the nature of the
structure-function relationship in glaucoma, that is, the relationship between retinal
anatomy (structural measures) to behavioral thresholds of light sensitivity (functional
measures). Improving our understanding of the structure-function relationship and how it
changes during the course of neurodegenerative diseases of the eye such as glaucoma is
inherently valuable as it furthers our understanding of vision in general. Furthermore, the
nature of structure-function relationship in glaucoma also has important clinical
implications. For instance, do functional changes precede measureable structural changes?
If so, it is likely that there is a period of time where RGCs are dysfunctional but not
atrophied (i.e., sick but not dead), which may indicate a time window for therapeutic
intervention that may lead to some recovery of vision. On the other hand, does structure
precede function? If so, merely monitoring visual changes may detect glaucomatous
changes considerably later than using structural measures, such as imaging of the anatomy.
There is considerable debate in the literature regarding whether structural damage
precedes functional loss, or vice versa. Much of the problem seems to stem from conflating
the nature of the fundamental underlying relationship with the issue of statistically
detectable changes. That is, if functional measures are inherently more variable, then
glaucomatous changes in structure may be detectable before functional changes even if
both occur together (i.e., a linear 1-to-1 relationship). A series of papers that are among the
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most commonly-cited papers in the literature argue that a large percentage of RGCs
atrophy before any functional changes occur (Kerrigan-Baumrind, Quigley, Pease, Kerrigan,
& Mitchell, 2000; Quigley, Addicks, & Green, 1982; Quigley, Dunkelberger, & Green, 1989)
and this notion has entered the zeitgeist in the literature as well as in clinical practice.
However, as explained in detail by Hood and Kardon (2007) and independently by Malik,
Swanson, and Garway-Heath (2012), the conclusions of these studies are not supported by
their data. In brief, most of the confusion arises from the authors considering the statistical
boundaries for structure without considering the corresponding boundaries for visual
sensitivity – in truth most glaucomatous eyes were statistically abnormal on both
measures. On the other hand, there are other studies in the literature, such as Banitt et al.
(2013), which argue that functional loss (here, measured by electrophysiology and not
behavior) precedes structural loss. However, Banitt et al. fail to consider the statistical
boundaries of the structural measure as well as the dynamic range in each measure. That is,
arguing that 10% of function is lost at around the same time 2% of structure is lost
assumes that there is no residual component (i.e., noise floor) to the structural measure.
The literature discussed immediately above studied the structure-function
relationship in human subjects. Unfortunately, due to the complexity of the genetics
underlying glaucoma (Fan & Wiggs, 2010; Khan, 2011; Lascaratos et al., 2013; Sein et al.,
2013), the current animal models for glaucoma are fairly limited (Bouhenni, Dunmire,
Sewell, & Edward, 2012). A common experimental animal model is the rhesus macaque, in
which lasers are used to destroy the trabecular meshwork and elevate intraocular
pressure; while it is argued (Harwerth, Smith, & DeSantis, 1997) that this model
approximates primary-open angle glaucoma (the most common subtype), the intraocular
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pressure in this experimental model often exceeds 60 mmHg, pressures rarely seen in
open-angle glaucoma, and the destruction of the trabecular meshwork much more closely
resembles the mechanism of angle-closure glaucoma.
While continued improvement in animal models, including both genetic and
experimental models, will be essential to further our understanding of glaucoma, recent
advances

in

imaging technology have

created an

opportunity

to

study the

structure-function relationship in human subjects. This new imaging technology is called
optical coherence tomography (OCT) and uses light in a manner similar to how sound is
used in ultrasound, allowing direct and non-invasive in vivo imaging of the retinal anatomy.
Combined with behavioral measures of function, OCT imaging offers a powerful way to
study the structure-function relationship in glaucoma. The general details of these methods
are given below. After an overview of these methods, quantitative models of
structure-function will be discussed in section 1.4.

1.3

General methods

1.3.1

Function: visual field sensitivity

The threshold sensitivity to light at several local regions across the visual field (VF) can be
assessed using static automated perimetry1 (Humphrey Field Analyzer, 750i; Carl Zeiss
Meditec, Inc.; Dublin, CA), which uses a 200 ms, white (broadband), 0.431° diameter
(“Goldmann size III”) circular incremental stimulus (luminance range 0.025 to 3183 cd/m2)
projected onto a 10.0 cd/m2 white background at a distance of about 30 cm (Heijl & Patella,
2002). Thin-rimmed 37 mm trial lenses are used to correct for refractive error, adjusted
1

Static automated perimetry is also often referred to as “standard” automated perimetry. Here, wherever
possible, references to static automated perimetry, or “SAP”, have been replaced with visual field sensitivity,
or simply visual field (VF); however, note that there are many other different strategies of visual field
testing commonly used in the relevant literature although not used here.
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based on age (positive diopter lenses to correct for presbyopia of the aging eye). Each eye
is tested individually and the fellow eye is occluded. Threshold is determined using a
staircase strategy referred to as SITA Standard (Bengtsson & Heijl, 1998; Budenz et al.,
2002), with the subject responding to projected stimuli with a button press to indicate that
the stimulus was seen. Subjects are instructed to maintain central fixation throughout the
test. Fixation is determined by first detecting the location of the blind spot (corresponding
to the optic nerve) with a series of stimulus presentations and then repeatedly presenting a
stimulus at the location of the blind spot throughout the duration of the test. If the subject
responds, it is assumed that fixation is not constant and this response is referred to as a
fixation error. Additionally, repeated stimulus presentations at luminance values above
previously determined thresholds are used to estimate the amount of false negatives.
Because stimulus presentations are accompanied by a sound, occasionally this sound is
produced without any stimulus presentations to estimate the amount of false positives.
Together, the indices relating to fixation errors, false negatives, and false positives can be
used to objectively screen for reliable tests.

Figure 1.5: The test pattern for the 10-2 (left), 24-2 (middle), and
30-2 (right), all presented as if for a right eye. The axes are
degrees of visual angle.
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It is particularly important to note the differences in the commonly used test
patterns (Figure 1.5). The locations for the presentations of the test stimuli are arranged in
either a grid spanning the central 30° with 6° spacing (“30-2” or “24-2” test pattern; see
Figure 1.5 for differences) or the central 10° with denser 2° spacing (“10-2” test pattern).
Likewise, it is also important to note that there are several different ways to represent the
same data regarding the sensitivity thresholds at each location. The data can be given as
“absolute sensitivity” in decibels (dB), where 0 dB indicates that the limit of the perimeter
was reached in terms of stimulus luminance (3,183 cd/m2) without a behavioral response,
and about 38 to 40 dB is the limit for foveal sensitivity for a young, experienced subject.
Absolute sensitivity can also be expressed in linear (1/Lamberts or 1/L) units. 2 For
example, 30 dB is divided by 10 to convert from dB to log units, and then 10 to the power of
3 yields a sensitivity of 1000 1/L in linear units. That is, the stimulus presentation at
threshold was attenuated to one-thousandth of the maximum luminance the perimeter is
capable of producing. Sensitivity at threshold is also often given as “total deviation” (TD),
which, when expressed in dB, is the difference between sensitivity at threshold for a given
subject at a given test stimulus location and the corresponding sensitivity for the average of
a group of age-matched healthy controls for the same test stimulus location. Thus, for the
TD, 0 dB corresponds to a value equivalent to age-matched controls, whereas a TD of -3 dB
corresponds to -0.3 log units, and then 10-0.3 is about 0.5, or about twice the stimulus
luminance was needed to reach threshold, corresponding to about half the sensitivity of
age-matched controls. The TD can also be expressed in linear units (such as 0.5 in the
example above), which can be thought of as normalization, where 1 is the same value as

2

1 Lambert = 3,183 cd/m2
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age-matched healthy control eyes. Finally, the mean deviation (MD) is a summary metric
based on a weighted average (weighted by variance of test locations) of the TD of all test
locations. The TD can also be normalized relative to the data from all test locations,
referred to as the pattern deviation (PD), discussed in more detail in context in Chapter 4.

1.3.2

Structure: optical coherence tomography

There are three different types of optical coherence tomography (OCT) imaging
technologies that are discussed here: the original time-domain (td) OCT (Huang et al.,
1991), the newer frequency-domain (fd) (also referred to as the spectral-domain or
Fourier-domain) OCT (Wojtkowski, Fercher, & Leitgeb, 2001), and the very recently
developed swept-source (ss) OCT (Lim et al., 2006; Srinivasan et al., 2007).3 [See Drexler
and Fujimoto (2008) and in particular Schuman (2008) for reviews, including details
regarding the underlying theory, discussed briefly here.]
The description of OCT imaging as “similar to ultrasound”, used in several places
elsewhere in the text, is a simplification. In slightly more detail, light from a low-coherence
source is split, half traveling to the retinal sample and half traveling to a moveable
reference mirror such that the light reflected from the retina interferes constructively only
if it is at the same distance as the reference mirror. Because the mirror moves over time,
the tdOCT technology is called time-domain. On the other hand, because it uses a fixed
mirror and analyzes the frequencies of light with a Fourier transform, the fdOCT is referred
to as frequency, spectral, or Fourier domain. Finally, because it uses a tunable laser source

3

Note there is a considerable time-lag between the publication of these proof-of-concept papers and the
subsequent availability of prototype (let alone commercial) devices, and yet another time-lag until sufficient
data become available for quantitative studies. Thus, ssOCT is considered “cutting-edge” even in 2014.
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instead to “sweep” across different wavelengths, the ssOCT is called swept-source
(Schuman, 2008).
tdOCT
fdOCT
ssOCT

make
Zeiss
Topcon
Topcon

model
Stratus OCT3
3D OCT-2000
DRI OCT-1

acquisition rate
0.4 kHz
27 kHz
100 kHz

depth
2 mm
2.3 mm
2.6 mm

light source (λ)
820 nm
840 nm
1050 nm

Table 1.1: Specifications for the frequency-domain (fd) and
swept-source (ss) optical coherence tomography (OCT) devices
used in the work here, as compared to the older time-domain (td)
OCT (top row).

Figure 1.6: The cross-section of a human optic nerve (green line in
inset top-left) as imaged by histology (top) compared to an image
derived from optical coherence tomography (bottom) for roughly
the same region in two different healthy eyes. The thickness
between the red lines is the retinal nerve fiber layer (RNFL)
thickness (as indicated in yellow), in which RGC axons travel as
they dive into the optic disc.
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The devices used in the work here, the fdOCT and ssOCT, are compared to the
original tdOCT in Table 1.1. The practical implications of the newer fdOCT and ssOCT
technology stem mostly from the faster acquisition rate, allowing for scanning over a larger
region at a higher resolution and with fewer movement artifacts.4 An example of an ssOCT
image of a section of the optic nerve, as compared to histology of approximately the same
region, is shown in Figure 1.6. For details regarding quantitative measurements of the
anatomy, please see the next section (1.3.3). When relating structural measures to
functional measures, in general we assumed 1° of visual angle is equal to about 0.288 mm
on the retina (Drasdo & Fowler, 1974) unless stated otherwise.

1.3.3

Segmentation of optical coherence tomography images

We previously helped improve and subsequently validate an automated segmentation
algorithm (Yang et al., 2010) developed by our collaborators at the Topcon Advanced
Biomedical Imaging Laboratory. Briefly, given an input OCT image, the algorithm uses a
combination of a Gaussian-blurred processed image to identify gross features combined
with more precise edge-detection to find boundaries of anatomical layers. Unlike our
methodology, the vast majority of studies in the literature use algorithms that have not
been independently validated.

4

Or allowing for repeated scans in the same region, averaging multiple sweeps to considerably increase the
signal-to-noise ratio.
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Figure 1.7: Example of manually marked anatomical boundaries
by a trained segmenter for a fdOCT image. From Figure 1 of Hood,
Lazow, Locke, Greenstein, & Birch (2011).
Given the results of an automated algorithm, we have developed a program (Raza et
al., 2011) that allows a user to make further manual corrections, including a complete
erasure of the algorithm results if desired. The person making manual corrections is
masked to the classification of the image (i.e., whether the eye is healthy or glaucomatous,
etc.) and receives training before beginning to ensure an understanding of the anatomy and
to improve reliability. In addition to validating the algorithm, we have also previously
illustrated the inter-subject agreement of fully manual correction (Hood, Cho, Raza, Dale, &
Wang, 2011) for a group of trained segmenters. The boundaries of anatomical layers, as
marked by a trained segmenter, are show in Figure 1.7. Note that the layers of interest
here, pertaining to glaucomatous changes in the retina, are the retinal nerve fiber layer
(RNFL; containing the axons of the RGCs), the retinal ganglion cell (RGC) layer, and the
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combined RGC plus inner plexiform layer (IPL; together the RGCIPL) as shown in Figure
1.7. The work in Chapter 3 illustrates segmentation of the RGC layer independent of the
IPL.

Figure 1.8: The agreement between measurements of RGCIPL
thickness between 18 healthy eyes imaged by histology (Curcio
2011) and 128 healthy eyes imaged by fdOCT, segmented by an
automated algorithm with manual correction (Hood et al., 2012).
Previous work (Curcio et al., 2011) has shown good agreement between
measurements of anatomy by histology compared to measurements with OCT imaging. In
Figure 1.8, we show the agreement between the average RGCIPL thickness as measured by
histology in 18 healthy human eyes by Curcio et al. and the average RGCIPL thickness as
measured by fdOCT in a separate group of 128 healthy human eyes by our lab (Hood et al.,
2012); the agreement is remarkable.

1.3.4

Study populations

Details regarding study populations are provided in the pertinent chapters themselves, but
in general, the population for Chapters 2 and 4 overlap as both studies use fdOCT imaging.
Consecutive eyes for both studies were enrolled retrospectively, and the differences arise
from different objective inclusion and exclusion criteria, for instance, the study in Chapter 2
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required normal visual field sensitivity for healthy control eyes and abnormal visual field
sensitivity for glaucomatous eyes, whereas for the study in Chapter 4 the visual field
sensitivity was intentionally not required (rationale explained in Chapter 4). Similarly,
because only RNFL thickness data around the optic disc was used in Chapter 2, imaging of
the macula was not required as it was for Chapter 4. Finally, the population in Chapter 3 is
an entirely different set of eyes with ssOCT imaging and 10-2 VFs that were enrolled
prospectively as part of an ongoing study (Hood et al., 2014).

1.4

Previously published quantitative structure-function
models pertaining to glaucoma

In general, structure-function models in the literature range from empirical best-fit
relationships (“descriptive” models) to theoretical models (“predictive” models). There are
three major categories of studies regarding structure-function relationships in glaucoma
using data from human subjects. The first set includes “descriptive” studies that simply plot
a measure of function on one axis and a measure of structure on another and assess the
correlation (Aptel, Sayous, Fortoul, Beccat, & Denis, 2010; Cho et al., 2010; Lee et al., 2010;
Mathers, Rosdahl, & Asrani, 2014; Miglior et al., 2007; Vajaranant et al., 2011); the least
informative of such studies are those that merely fit arbitrary functions empirically without
regard to any theoretical considerations or physiological constraints (Kim et al., 2010;
Leung et al., 2009; Sato, Hirooka, Baba, Yano, & Shiraga, 2008; Shin, Park, Jung, & Park,
2013).5 This first category of studies is generally ignored here. The second category of
studies have applied previously-developed theoretical models to new datasets (Alasil et al.,
5

In Figure 4 of (Sato et al., 2008), the relationship between sensitivity and structure is fit by a quadratic
equation, implying that as RNFL thickness increases, the corresponding sensitivity to light increases, peaks,
and then begins to decline, with very thick structural measurements being associated with little or no
sensitivity to light – a model that is physiologically untenable. Figure 4 of (Leung et al., 2009) and Figure 1
of (Kim et al., 2010) show a similar analysis, also fitting a quadratic equation to the data.
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2014; Horn et al., 2009; Pinto et al., 2014; Sato et al., 2013), offering a contribution by
independently testing the validity of previous models and examining their assumptions.
The work in Chapter 2 falls under this category. Finally, the third category of studies have
developed and subsequently refined “predictive” theoretical models that attempt to further
our understanding of the nature of the structure-function relationship (Drasdo, Mortlock, &
North, 2008a; Garway-Heath, Caprioli, Fitzke, & Hitchings, 2000; Harwerth, Wheat,
Fredette, & Anderson, 2010; Hood & Kardon, 2007; Pan, Swanson, & Dul, 2006; Swanson,
2004; Wollstein et al., 2012). The models from this last class of studies are briefly reviewed
here. In general, the discussion of models throughout all chapters uses variable names that
have occasionally been changed from the corresponding references to provide some
consistency between models within the text here; also, where applicable, two or more
letters for a single variable in the references have been replaced with single-letter variables
with subscripts.

1.4.1

Models relating visual sensitivity to retinal nerve fiber layer
thickness derived from optical coherence tomography

Here, three models, which relate OCT-derived RNFL thickness (comprised of RGC axons) to
VF sensitivity, are briefly discussed.
1.4.1.1

Hood and Kardon model

The Hood and Kardon (2007) linear model relates VF sensitivity in TD6 linear units
(normalized relative to age-matched controls and relative to eccentricity7) to structure in
linear units, specifically thickness of the RNFL at the optic disc. The model is defined as:

Recall that TD is the total deviation from age-matched and eccentricity-matched normative data as
discussed in detail in section 1.3.1
7 Eccentricity throughout the text here always refers to eccentricity from the fovea (or fixation) in degrees of
visual angle.
6
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(̅

)̅

̅
̅
̅
where ̅ is the predicted RNFL thickness in µm averaged across a
particular region, ̅ is the TD sensitivity in linear units (normalized
relative to age-matched and eccentricity-matched control values)
averaged across the corresponding region (as related by a
topographic map), ̅ is the thickness of the RNFL for the
corresponding region (averaged across a group of healthy eyes),
and is the “baseline” residual thickness
̅

{

(1.1)

Note that the model assumes that the RNFL thickness for above-normal sensitivity is
constant. The model also assumes that RNFL thickness is comprised of a neuronal
(“signal”) component and a constant residual (“noise”) component. This model is discussed
in considerably more detail in Chapter 2 (section 2.3.5).
1.4.1.2

Wollstein et al. model

The Wollstein et al. (2012) segmented linear model is the most recent of the quantitative
structure-function models discussed here. It is not clear what claims are being made
regarding the fundamental structure-function relationship with this particular model as the
authors plot a segmented linear model with sensitivity expressed in both linear and
logarithmic units without further comment – as if they were equivalent, despite the
implication of very different underlying relationships. The model is defined as:
̅

{

̅
̅

(1.2)
̅

̅

where ̅ is the predicted RNFL thickness in µm averaged across a
particular region, ̅ is the TD sensitivity in logarithmic units (dB)
averaged across the corresponding region, as related by a
topographic map,
and
are two different slopes and and
are two different intercepts, both found empirically, that apply
to different ranges of RNFL thickness values that are separated by
the “tipping point”
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The Wollstein et al. model has been recently applied to an independent dataset (Alasil et al.,
2014) without examining the underlying assumptions. Separately, the underlying statistical
methods and assumptions of the Wollstein et al. have also recently been critiqued (Franch,
Malik, Crabb, & Swanson, 2013). In general, the Wollstein et al. model is ignored here
because currently it is not as influential as other models, e.g., the Harwerth et al. model,
which is discussed immediately below.
1.4.1.3

Harwerth et al. model

The Harwerth et al. (2010) model attempts to relate both VF sensitivity and OCT-derived
RNFL thickness to estimated RGC counts. The equation for the prediction of RNFL thickness
for this model is complex and is discussed in detail in Chapter 2 (in section 2.3.4), but
briefly, it simplifies to an inverse power law. The assumptions of the Harwerth et al. model
are also discussed in detail in Chapter 2 alongside the Hood and Kardon model.
1.4.1.4

Comparison of structure-function models relating visual sensitivity to
retinal nerve fiber layer thickness derived from optical coherence
tomography

All of these models relating RNFL thickness at the optic disc to VF sensitivity across the
retina must make assumptions about spatial relationships in the form of a topographic
map. As mentioned, the Hood and Kardon as well as the Harwerth et al. model are
discussed in detail in Chapter 2. Note that the Harwerth et al. model also falls under the
category of “models relating local visual sensitivity to local retinal ganglion cells” and thus
is also discussed in section 1.4.2 below.
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1.4.2

Models relating local visual sensitivity to local measures of
retinal ganglion cells

1.4.2.1

The Garway-Heath et al. model (and related “hockey stick” models)

The Garway-Heath et al. (2000) model relates local absolute visual sensitivity in linear
(1/L) units (referred to in their work as differential light sensitivity) to estimates of retinal
ganglion cell receptive field density, also in linear units. Specifically, the model relates
linear visual sensitivity to ganglion cell receptive field density with a power law as follows:
(

)

(1.3)

where is the “effective” number of RGCs (receptive fields) for a
Goldmann size III stimulus (0.431° diameter) that would have the
same sensational effect under conditions of complete spatial
summation ( =1) outside of 30°,
is absolute sensitivity in
linear (1/L) units, and
is the eccentricity-dependent
(“location-specific”) coefficient of summation
In general, the model predicts a linear relationship between sensitivity in linear
units and structure in linear units for peripheral vision (i.e., ke=1) and a non-linear
relationship for central vision (i.e., 0<ke<1), explained theoretically by spatial summation.
Specifically, because the size (0.431° in diameter) of the commonly used test stimuli is held
constant regardless of eccentricity, and because there is spatial summation across the
region being stimulated, near the fovea the model predicts that ganglion cell loss will result
in less-than-expected sensitivity loss if one assumes a linear relationship. The
Garway-Heath et al. model does not specifically assert the theory behind the spatial
summation. While a simple explanation involves receptive field summation, a more
complex explanation involving cortical pooling of ganglion cell responses has been
suggested by Swanson et al. (2004) and Pan et al. (2006). In general, this class of models
predicting linear relationships in the periphery and non-linear relationships near the fovea
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have been referred to by Malik, Swanson, and Garway-Heath (2012) as the “hockey-stick”
model, a term that is avoided here because it seems to imply a segmented linear model, like
the Wollstein et al. model, rather than a power law.
1.4.2.2

The Drasdo et al. model

The Drasdo et al. (2008a) model also relates linear visual field sensitivity to ganglion cell
receptive field density with a 4th-order polynomial as follows:
(1.4)

{

where
is the number of RGC receptive fields for a solid ° of
visual angle and
is absolute sensitivity in linear (1/L) units
[please note the erratum in (Drasdo, Mortlock, & North, 2008b)]
(

)

(1.5)

where
is number of RGC receptive fields for an area
corresponding to a Goldmann size III stimulus (0.431° diameter)
Similar to the Garway-Heath et al. model, the Drasdo et al. model predicts a linear
relationship in the periphery, but predicts a 4th order polynomial near the fovea; both of
these predictions are based on fits to empirical observations.
1.4.2.3

The Harwerth et al. model

While the Harwerth et al. (2010) model was eventually expanded to relate visual sensitivity
to OCT-derived RNFL thickness measurements (as mentioned in section 1.4.1.3 above as
well as in detail in section 2.3.4 below), the original Harwerth et al. (2004) model related
local visual sensitivity (in dB)8 to ganglion cell density as follows:

8

Unlike the Garway-Heath et al. and Drasdo et al. models above, which use 1/L linear units.
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(1.6)
where
is the absolute sensitivity in dB, is density of RGC
bodies in cells/mm2 in dB, and
and
are
eccentricity-dependent parameters defined with their own
empirically fitted linear equations
1.4.2.4

Comparison of structure-function models relating local sensitivity to
local measures of retinal ganglion cells

As is evident from the discussion above, the structure-function models describing
glaucoma are not consistent in their use of linear or logarithmic units for either structure
or function. In general, structure-function data in the literature often use logarithmic or
linear units for either axes without justification in a seemingly arbitrary manner. As a
result, even after reading through the literature, including reviews, it is difficult to
understand how these models relate to one another, how their predictions differ, and most
importantly, what the model equations imply about the fundamental structure-function
relationship. Here, a brief comparison of the structure-function models relating local visual
sensitivity to local measures of RGCs is presented. (As mentioned, Chapter 2 compares the
two most influential structure-function models.) Note that simplifying assumptions were
made here when comparing the models. For instance, the Drasdo et al. model is not
intended to describe data with sensitivity better than approximately 1700 1/L, though
their function is not formally bounded and it is unclear if their model predicts “no
relationship” for higher sensitivities, like the Hood and Kardon model, or a different
relationship. For the Garway-Heath et al. model, values for k were digitized from Fig. 3 of
their paper (Garway-Heath, Caprioli, et al., 2000). Also both the Garway-Heath et al. model
and the Drasdo et al. model predict the “effective” number of RGC receptive fields, which
we take as an estimate of the number of RGCs to make comparable to the Harwerth et al.
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model. On the other hand, because the model of Harwerth et al. purports to directly
estimate RGC density (which can be easily converted to RGC number by multiplying by the
approximate stimulus area), the application of the Harwerth et al. model involved the
fewest set of assumptions.

Figure 1.9: The structure-function models of Harwerth et al.
(orange), Drasdo et al. (green; faint green where not intended to
apply), and Garway-Heath et al. (purple). The predictions of the
models from three different eccentricities from the fovea are
shown, along with the sensitivity associated with healthy eyes
(faint grey line).
The results of the model comparisons for three different eccentricities are shown in
Figure 1.9. As is evident, these models make considerably different predictions. Despite the
simplifying assumptions involved in applying each model, it is clear that future models
should be clear about the bounds of their estimates, particularly functions such as the 4th
order polynomial of Drasdo et al. Also, it is worth noting that the models of Harwerth et al.,
Garway-Heath et al, and Drasdo et al. were all developed using sensitivity values
uncorrected for age or eccentricity. For instance, the theoretical model of Garway-Heath et
al. was based entirely on data from controls, and thus the changes in sensitivity were
caused by the changes in eccentricity. In general, models in the literature are not specific in
terms of their predictions for above-normal sensitivities for controls. One can ask: if a
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control has twice the visual sensitivity, does the model predict twice the number of RGCs?
With regard to within individual comparisons, this can be answered by comparing the
sensitivity of a particular control near the fovea versus the sensitivity near the periphery,
in which case the assumption of models such as that of Drasdo et al. that the number of
RGCs is related to the underlying visual sensitivity is reasonable. However, it is not clear
from the literature how these models would answer the following question: Given the same
location in two different controls, where one control has twice the visual sensitivity, what
does the model predict regarding the number of RGCs? The Hood and Kardon model
specifically asserts that, to a first approximation, two healthy individuals with different
visual sensitivities at a given location, on average, will have the same number of RGCs and
RGC axons. The implicit assumption is that a visual sensitivity that is two times higher is
associated with chance variability or cortical differences not measurable in the retina. Note
that twice the visual sensitivity in linear units corresponds to a total deviation of 3 dB,
values which are routinely observed for individual test locations. Thus, in the future,
models should be more specific in their predictions regarding controls, particularly by
distinguishing inter-individual differences among eyes from intra-individual differences
across eccentricities.
It is also worth noting that, for more peripheral regions, the Garway-Heath et al.
model, the Drasdo et al. model, and a more complex model by Pan et al. and Swanson et al.
(not implemented here due to its complexity), all predict a linear relationship in agreement
with the Hood and Kardon model for regions outside the central 15°. Notably, only the
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Harwerth et al. model predicts a non-linear relationship for the periphery.9 Also, note that
while the literature tends to group all non-linear models together, the non-linearity near
the fovea predicted by the Harwerth et al. model is fundamentally different from the
predictions of the Garway-Heath et al. and Drasdo et al models. Specifically, the Harwerth
et al. model is not merely a power law (of the form cxk), but an inverse power law (cx1/k),
thus predicting a markedly different fundamental relationship than the Garway-Heath et al.
power law or the Drasdo et al. 4th order polynomial (see Figure 1.9), which are more
similar to one another, particularly for lower sensitivity values. In fact, the predictions by
both the Garway-Heath et al. and Drasdo et al. models of the observed non-linearity near
the fovea can be explained by the effects of spatial summation as originally suggested by
Garway-Heath et al. (as discussed in section 1.4.2.1 above).

1.4.3

Overall summary of structure-function models

An overall summary of the structure-function models in the literature that apply to
glaucoma is provided in Table 1.2.
Garway-Heath et al. (2000)
Swanson et al. (2004); Pan et al. (2006)
Drasdo et al. (2008)
Harwerth et al. (2004; 2010)
Hood and Kardon (2007)
Wollstein et al. (2012)

Central Retina/Vision
Power law
Non-linear
4th order polynomial
Inverse power law
Not defined
Not defined

Peripheral Retina/Vision
Linear
Linear
Linear
Inverse power law
Linear
Segmented-linear

Structural Measure
RGC receptive field density
RGC receptive field density
RGC receptive field density
OCT-derived RNFL thickness and RGC density
OCT-derived RNFL thickness
OCT-derived RNFL thickness

Table 1.2: An overview of several different structure-function
models pertaining to glaucoma. See text for details.

1.5

Translational applications of the structure-function
relationship

Two major questions pertaining to glaucoma that are of considerable clinical relevance are
early detection (to start treatment, if needed, since currently vision loss is unrecoverable)
9

Though not shown in Figure 1.9, the Wollstein et al. model also assumes a non-linear relationship for the
peripheral region.
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and monitoring progression (for example, to determine if more aggressive treatment
options, such as surgery, are warranted). Because no definitive definition of glaucoma
exists, clinically it is usually defined based on both structural and functional changes.
Therefore, combining structure and function is particularly attractive for solving the
problems of detection and progression. In Chapter 4, a new approach for combining
structure and function in regards to early detection is discussed in detail.

1.6

Aims of thesis

The general aims of this thesis are to better understand the structure-function relationship
(including translational applications as in Chapter 4) by using OCT imaging. The details of
the relevant literature, specific motivating questions, and specific aims are provided in the
introductions for each chapter.
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2

Evaluating the Accuracy and
Generalizability of a Previous Method of
Estimating Retinal Ganglion Cell Counts
Using Visual Fields and Optical Coherence
Tomography: Implications for Future
Evaluations of Models of the
Structure-Function Relationship10

2.1

Abstract

Purpose: To evaluate the accuracy and generalizability of a previous method of estimating
retinal ganglion cell counts. Methods: Simulations based on normative data were used to
evaluate the Harwerth et al. non-linear model (H-NLM) as well as compare it to the
predictions of the Hood and Kardon linear model (HK-LM). Additionally, models were
applied to a novel fdOCT dataset consisting of 48 eyes of 48 healthy controls, 100 eyes of 77
glaucoma patients and suspects, and 18 eyes of 14 non-arteritic anterior ischemic optic
neuropathy (ION) patients with severe vision loss. The models were compared while
keeping constant the topographical maps, specifically a map by Garway-Heath et al. and a
separate map by Harwerth et al., which relate sensitivity test stimuli locations to
corresponding regions around the optic disc. Models were evaluated using the coefficient
of determination R2. Results: Simulations of the H-NLM yielded results that under some
conditions differed substantially from estimates based on histology. Furthermore, while the
predictions of the HK-LM model on the anatomically-derived Garway-Heath et al. map were
reasonably good (R2=0.31 to 0.64), the predictions of the H-NLM were poor (R2<0 for
10

A subset of the work here is being prepared for submission as Raza A. S., De Moraes C. G., Odel J. G.,
Liebmann J. M., Ritch R., Kardon R. H., and Hood D. C. Evaluating the accuracy and generalizability of a
previous method of estimating retinal ganglion cell counts using visual fields and optical coherence
tomography.
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recently published parameters) regardless of the map used. Conclusions. The assumptions
underlying the H-NLM should be reexamined. Studies and future modeling relying on the
RGC estimates of the H-NLM should be interpreted with caution.

2.2

Introduction

In the average human eye, the information from over 100 million photoreceptors is
integrated in about 1 million retinal ganglion cells (RGCs), whose axons projecting to the
lateral geniculate nucleus represent the majority of the retinal output. It has become
increasingly clear that the circuitry of the retina is quite complex and considerable
computation occurs within the retina. Thus, it not surprising that the structure-function
relationship between RGC density (structure) and light sensitivity (behavioral thresholds)
is not fully understood, nor is the change in this relationship when RGCs undergo atrophy
as the result of neurodegenerative diseases such as glaucoma. Early attempts to assess this
relationship in human subjects (Kerrigan-Baumrind et al., 2000; Quigley et al., 1982, 1989),
where post-mortem histology was used to measure structure, have been among the
most-cited papers pertaining to glaucoma.
Optical coherence tomography (OCT) is an in vivo imaging technique (Huang et al.,
1991) that allows for direct measurements of the anatomy of the human eye. These
imaging data can also be used to identify early structural changes in the human retina that
are consistent with glaucomatous neurodegeneration (Chang & Budenz, 2008; Sharma,
Sample, Zangwill, & Schuman, 2008). In particular, this technique allows for visualization of
the individual layers of retinal anatomy in a manner similar to histology (Curcio et al.,
2011; Spaide & Curcio, 2011), allowing the opportunity to test structure-function models
by using OCT data from the eyes of a large number of human subjects rather than a smaller
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number of post-mortem eyes. Early time-domain OCT (tdOCT) imaging typically involved a
circle scanning pattern around the optic disc, allowing for imaging of the retinal nerve fiber
layer (RNFL), which contains high-reflectance RGC axons as they coalesce into the optic
nerve. Damage in glaucoma affects the RGC bodies and axons, the latter of which arc
around the fovea on their path to the optic nerve, resulting in an “arcuate” pattern of
damage that is characteristic of glaucoma.
To date, there are three predictive structure-function models pertaining to
glaucoma that have been applied to OCT data: the models of Harwerth et al. (2002, 2010),
Hood and Kardon (2007), and Wollstein et al. (2012). [A particularly good overview of
several important structure-function models, including those using structural measures
other than OCT, can be found in a recent review (Malik et al., 2012). Also, see section 1.4
above.] The relatively new Wollstein et al. model focuses primarily on the clinical relevance
of the relationship between visual sensitivity and OCT; this model is geared towards
determining the association between statistically significant visual field loss and
statistically significant structural loss. On the other hand, the Harwerth et al. model and the
Hood and Kardon model both attempt to describe the nature of the structure-function
relationship in glaucoma.
Harwerth

et

al.

(2004)

originally

developed

a

model

based

on

a

mechanically-induced experimental model of glaucoma in rhesus macaques. These
monkeys were trained to respond to an incremental white stimulus on a white background,
and these behavioral data were compared to RGC density obtained from analysis of
post-mortem histology. In particular, Harwerth et al. proposed that when both measures
were plotted on a log-scale, visual sensitivity was linearly related to ganglion cell density
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with a non-zero intercept that varied with retinal eccentricity, or rather that the
relationship was non-linear when both structure and function were expressed in linear
units. Hereafter, the term “linear” is only used to describe a relationship that is a linear
when both measures are expressed in linear units. The Harwerth et al. non-linear model
(H-NLM) was later modified to describe OCT data from human subjects by using the
thickness of the retinal nerve fiber layer (RNFL) around the optic disc as a proxy for the
number of RGC axons. Later iterations of the model included a correction for age
(Harwerth, Wheat, & Rangaswamy, 2008; Harwerth & Wheat, 2008) and stage of disease
(Wheat, Rangaswamy, & Harwerth, 2012). One attractive aspect of the H-NLM model is that
it converts both visual sensitivity and OCT-derived RNFL thickness to estimates of numbers
of RGC bodies and axons, particularly appealing since glaucoma is a disease of the RGCs.
The more parsimonious Hood and Kardon model directly compares visual
sensitivity to OCT-derived RNFL thickness and proposes a linear relationship with a
non-zero intercept (residual non-neuronal RNFL thickness) when both measures are
expressed in linear units. Thus, a 50% loss in visual sensitivity compared to age-matched
normative data should be associated with a 50% loss in the neuronal component of the
RNFL. However, unlike the H-NLM, the Hood and Kardon linear model (HK-LM) does not
predict that RNFL thickness will have a strong association with greater-than-normal
(>100%) visual sensitivity and does not correct structural measurements for age or stage
of disease. Thus, the HK-LM has considerably fewer parameters than the H-NLM model,
although it is also less ambitious in its scope as it does not attempt to relate either
functional or structural measures to estimates of RGCs.
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Newer frequency-domain OCT (fdOCT; also referred to as Fourier- or
spectral-domain OCT) technology uses multiple wavelengths simultaneously (Wojtkowski
et al., 2001); the practical import of this is that fdOCT has a faster acquisition rate, allowing
for higher-resolution images and scanning of a larger area. We have previously shown that
tdOCT and fdOCT have generally good agreement, with some important differences
regarding outliers that are related to the amount of spatial averaging in the segmentation
algorithms (Hood, Raza, et al., 2009). Because the higher-resolution fdOCT allows for
decreased spatial averaging, on the whole fdOCT data should provide a more accurate
measurement of RNFL thickness. Additionally, while circle scans around the optic disc
acquired from tdOCT are usually not perfectly centered, potentially affecting the accuracy
and precision of RNFL thickness measurements (Gabriele et al., 2008; Hood & Kardon,
2007; Vizzeri, Bowd, Medeiros, Weinreb, & Zangwill, 2008), the volume scans produced by
the fdOCT allow for post-acquisition adjustment of the location of a derived circle scan.
Several independent groups have compared the predictions of the HK-LM model to the
RNFL thickness measurements derived from fdOCT data and these studies (Horn et al.,
2009; Leite et al., 2012; Pinto et al., 2014; Rao et al., 2011) suggest that the HK-LM model
generalizes fairly well to fdOCT data. While the H-NLM model has been applied to fdOCT
data, the purpose of these studies (Medeiros, Lisboa, Weinreb, Girkin, et al., 2012;
Medeiros, Lisboa, Weinreb, Liebmann, et al., 2012; Tatham et al., 2013a, 2013b, 2014) has
been to use the RGC estimates derived from the H-NLM for further modeling, and
consequently, these studies did not formally assess the validity or accuracy of the H-NLM
model.
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Because several parameters have been incrementally added to the H-NLM model
over time, it is particularly important to assess the generalizability of the model. Harwerth
et al. (2010) previously applied the H-NLM to two different novel datasets and concluded
that the H-NLM model could “be generalized to other patient populations with equal
results,” and this study has been cited by subsequent work (Medeiros, Lisboa, Weinreb,
Girkin, et al., 2012) as evidence for the validity of the model. Moreover, Harwerth et al.
(2010) directly compared the performance of the H-NLM to the HK-LM and concluded that
while the performance of the models was “very similar, both in terms of the accuracy and
the precision,” the HK-LM was “less precise.” However, there are several aspects of this
validation that warrant further investigation.
First, the generalizability of a model can only be determined if the parameters are
fixed before application to a novel dataset. Whereas the Harwerth et al. (2010) validation of
the H-NLM did not involve the addition of any new explicit parameters, there is at least one
important implicit parameter that was changed immediately before the H-NLM was applied
to new datasets: a new topographic “map” relating measurement of axons near the optic
disc to RGC bodies throughout the retina. Because the H-NLM and HK-LM models compare
local light sensitivity at various locations within the central ~27° of visual angle to
structural measures around the optic disc, both models must make assumptions about the
path of the axons of RGCs as they traverse across the retina and enter the optic nerve.
Whereas the HK-LM model uses the independent Garway-Heath et al. map derived from
careful anatomical measurements (Garway-Heath, Poinoosawmy, Fitzke, & Hitchings,
2000), the original version of the H-NLM (Harwerth, Vilupuru, Rangaswamy, & Smith,
2007) used a map that was empirically derived for best fit. However, this topographic map
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was changed for the first time prior to the H-NLM validation study conducted by Harwerth
et al. (2010), and it is likely that the impact of this implicit parameter change has been
underestimated. There are also other concerns with the previous validation study of the
H-NLM, namely that the statistical measures used to compare the H-NLM to the HK-LM are
not ideal, particularly given that the comparison involved different topographic maps for
the two models. Finally, the validation study used older tdOCT data instead of the fdOCT
data being used in subsequent studies (Medeiros, Lisboa, Weinreb, Girkin, et al., 2012;
Medeiros, Lisboa, Weinreb, Liebmann, et al., 2012; Tatham et al., 2013a, 2013b, 2014) by
other groups.
The popularity of the H-NLM has been increasing, with at least 7 publications in the
last two years from outside groups using the H-NLM as a basis for further modeling. In fact,
regarding a new model that uses the H-NLM to estimate RGC counts from both structure
and function, a recent review has said that “[i]ts use in clinical trials may potentially
overcome the limitations of currently available conventional parameters” (Lisboa, Weinreb,
& Medeiros, 2013).

2.2.1

Aims

Given this rise in prominence of the H-NLM, the purpose here was three-fold: to use
simulations to explore the underlying assumptions of the H-NLM with a view towards their
validity and accuracy; to apply the H-NLM to a novel fdOCT dataset and assess its
generalizability, particularly in regards to the impact of different topographical maps; and
finally, to compare the performance of the H-NLM and HK-LM using more appropriate
statistics and while controlling for differences in the topographic maps.
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2.3

Methods

2.3.1

Subjects

Data were collected from human subjects divided into three groups: 48 eyes of 48 healthy
controls (age = 51.4 ± 7.4 years [mean ± SD]) with normal vision, 100 eyes of 77 glaucoma
patients and suspects (age = 57.2 ± 12.0 years [mean ± SD]) with mostly mild to moderate
vision loss, and 18 eyes of 14 non-arteritic anterior ischemic optic neuropathy (ION)
patients (age = 62.9 ± 10.8 years [mean ± SD]) with severe vision loss.
Control eyes were included based on the following criteria: spherical refraction
between -6.0 and +3.0 diopters, intraocular pressure ≤ 21 mmHg, axial length between 22
mm and 26 mm, a normal clinical examination, and normal visual fields. Subjects were
excluded if they had a history of ocular disease or a family history of glaucoma. Controls
were enrolled prospectively as part of a previous study (Hood et al., 2012). The
glaucomatous group consisted of patients in which at least one eye exhibited glaucomatous
optical neuropathy, defined based on stereophotography evaluation by glaucoma
specialists using the following criteria: focal or diffuse neuroretinal rim thinning, focal or
diffuse RNFL loss, or an inter-eye vertical cup-to-disc ratio asymmetry >0.2 not explained
by differences in disc size. All eyes had open angles as viewed during gonioscopic
examination. Finally, the ION group was defined based on an assessment of history, clinical
exam, and visual fields by an experienced neuro-ophthalmologist. ION eyes were included
only if at least 6 months had elapsed after an acute event. For both the glaucoma and ION
groups, consecutive patients were enrolled retrospectively based on the availability of test
data. Patients with cataracts, a history of ocular surgery, or a history of any other ocular or
neurological diseases that could affect structural or functional measures were excluded.
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For all three groups, structural and functional measures were required to be within 1 year
of one another (time between tests = 56 ± 7 days [mean ± SD]).
Written, informed consent was obtained from all of the participants. Procedures
followed the tenets of the Declaration of Helsinki, and the protocol was approved by the
institutional review boards of Columbia University and the New York Eye and Ear
Infirmary.

2.3.2

Function (light sensitivity): visual field

All subjects were tested with standard automated perimetry (Figure 2.1A; 24-2 SITA
Standard43 protocol, Humphrey 750i Visual Field Analyzer, Carl Zeiss Meditec, Inc., Dublin,
CA). Subjects were required to have fixation losses ≤ 33%, false negatives ≤ 33%, and false
positives ≤ 15%. The false negative requirement was not used for subjects with a mean
deviation (MD) worse than -10 decibels (dB) because severe loss is associated with a
higher reported rate of false negatives. The mean ± SD of the visual field MD for the control
group was -0.2 ± 0.9 dB, the glaucomatous group -4.4 ± 5.6 dB, and the ION group -18.6 ±
7.3 dB.

2.3.3

Structure: optical coherence tomography

All subjects were also tested using fdOCT (Figure 2.1B; 3D-OCT 1000/2000, Topcon
Medical Systems, Inc., Oakland, NJ) with the volume (cube) scan protocol (6 mm by 6 mm,
128 horizontal B-scans with 512 A-scans each11) with an optic disc internal fixation target.
Scans with poor fixation and blink artifacts were rejected. The thickness of retinal layers
was determined using a previously validated segmentation algorithm (Yang et al., 2010),
which was manually corrected as necessary (Hood, Cho, et al., 2011; Raza et al., 2011)

11

Each horizontal slice, or “B-scan”, is comprised of 512 axial scans, or “A-scans”
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based on the performance of the automated algorithm. The manual correction was done by
individuals masked to the classification of each eye (i.e., healthy or glaucomatous). In
particular, the thickness of the retinal nerve fiber layer (RNFL) was determined from a
circle (3.45 mm diameter) extracted from the volume scan. The circle was manually
centered post-acquisition based on the location of the end of Bruch’s membrane using
simultaneous views of an en-face summed-intensity projection image (“shadowgram”) as
well as perpendicular slices (extracted “B-scans”).

2.3.4

Harwerth et al. non-linear model (H-NLM)

Here, the mathematical details of the H-NLM as well as the history of its iterations are
provided without considering their implications or underlying assumptions, which are
discussed in the Results concurrently with simulations of the H-NLM. Readers looking for an
overview, including some intuition for the equations, are encouraged to skip this section and
refer back to it as needed.
Originally, Harwerth et al. (2004) obtained functional and structural measurements
in 16 rhesus monkeys. Functional measurements were obtained using the same
psychophysical detection task (threshold visual sensitivity to incremental white stimuli on
a white background) as used clinically in human subjects (including the present study). To
serve as an experimental animal model of glaucoma, laser treatments were used to damage
the trabecular meshwork in these monkeys and consequently induce an increase in the
intraocular pressure (generally more than 40 mmHg, occasionally equal to the 60 mmHg
measurement ceiling for the applanation tonometer) (Harwerth et al., 1997). RGC densities
were then approximated by counting RGCs (including displaced amacrine cells) in
histological sections corresponding to 16 locations (Harwerth, Carter-Dawson, & Shen,
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1999) (4 at 4.2°, 3 at 12.7°, 6 at 21.2°, and 2 at 27.2°) tested by the 24-2 VF test pattern.
Complete data for all 16 locations were only available for 11 of the 16 monkeys.
First, for the normal monkey eyes, Harwerth et al. (2004) plotted ganglion cell
density (in dB) versus eccentricity (in degrees of visual angle on a log-scale) and
empirically-fitted the following linear equation:
(2.1)
2

where
is density of RGC bodies in cells/mm in dB and
eccentricity from the fovea in degrees of visual angle

is

Next, for both normal and experimentally-induced glaucomatous monkey eyes, Harwerth
et al. (2004) plotted visual sensitivity (in dB) versus RGC body density (in dB) for each
eccentricity and empirically-fitted linear equations of the form:
(2.2)
where is the absolute sensitivity to incremental white-on-white
light stimuli in dB,
is density of RGC bodies in cells/mm2 in dB,
and
and
are eccentricity-dependent parameters defined
with their own empirically fitted linear equations as follows:
(2.3)
(2.4)
Harwerth and Quigley (2006) then applied this model to visual sensitivity and
post-mortem histology data from 17 human eyes of 13 glaucoma patients and 17 human
eyes of 13 patients without evidence of RGC disease. The terms of the model were
re-arranged such that sensitivity predicted RGC body density:
(2.5)

Harwerth and Quigley concluded that the measured and predicted RGC densities were in
good agreement.
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An important next step (Harwerth et al., 2007) in the development of the H-NLM
was the prediction of estimated RGC counts from both function and structure using 55
healthy monkeys (35 with functional measures and a different 20 with structural
measures) and 7 monkeys with experimental glaucoma. A count of RGC bodies was
estimated from the sensitivity-derived RGC density estimates in Equation (2.5) as follows:
(

∑(

)

(2.6)

)

where
is the overall estimated count of RGC bodies (summed
across all test stimulus locations of interest),
is density of RGC
2
bodies from Equation (2.5) in cells/mm in dB, and
is the area
2
in mm surrounding a local test stimuli, given as follows:
(2.7)

( ) ( )
where
is the area in mm2 that surrounds local test stimuli (6°
by 6° times a conversion factor, assuming that 4° visual angle is
about 1 mm on the retina for the average monkey eye)

Next, RGC axons were estimated from OCT-derived RNFL thickness by multiplying the
cross-sectional area of the RNFL thickness by estimated RGC axon density as follows:
̅

(2.8)

where
is the overall estimated count of RGC axons (summed
across all pixels around the optic disc for the region of interest), ̅
is the RNFL thickness (i.e., the “height”) in µm averaged over the
region of interest, is the width the region of interest in µm (for
the entire circle scan, about 10,870 µm given a circle diameter of
3.46 mm, but note this value will be smaller for local regions of
the circle), and
is the density of ganglion cell axons in
2
axons/µm as follows:
(2.9)
2

where
is the density of ganglion cell axons in axons/µm ,
initially given by a constant based on an estimated ~0.75 µm axon
diameter for monkeys
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Finally, the overall estimates of RGC bodies (gb) and RGC axons (ga) were related for local
areas using an empirically derived topographical map to provide the best agreement,
referred to here as the Harwerth et al. 2007 map.
Harwerth et al. (2008) then applied this model to 55 healthy human subjects,
adjusting a few parameters for the use in human subjects:
(

(2.10)

)

where is the eccentricity from the fovea for a human subject in
° of visual angle, and is the corrected eccentricity in ° of visual
angle, based on the ratio (16.7 mm / 12.5 mm) of the
nodal-point-to-retina-distance for the average human eye divided
by the average monkey eye
(2.11)
modified from Equation (2.9), where
is the modified density
2
of ganglion cell axons in axons/µm estimated for the human eye
Harwerth et al. (2008) also introduced a new correction for an assumed effect of age on
axon density, as follows:
(2.12)
modified from Equation (2.9), where
is the modified density
2
of ganglion cell axons in axons/µm estimated for the human eye,
and is age in years, assuming a linear correction
This age-adjustment was then tested in another set of human subjects in a subsequent
work by Harwerth and Wheat (2008) with the following modifications:
(2.13)
modified from Equation (2.5), where is the absolute sensitivity
to incremental white-on-white light stimuli in dB, adjusted by a
correction factor of 2 dB in order to, according to Harwerth and
Wheat, account for differences in the staircase strategy for
determining thresholds
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( ) (

)

(2.14)

modified from Equation (2.7), where
is the area in mm2 that
surrounds local test stimuli (6° by 6° times a new conversion
factor, assuming that 3.5° visual angle is about 1 mm on the retina
for the average human eye)
In the Harwerth et al. (2010) review, which also includes the validation study for
two independent datasets, the H-NLM was modified, presumably before working with the
novel datasets. In addition to modifying the topographic map (to the Harwerth et al. 2010
map), possibly the most important modification, additional changes were made as follows:
(2.15)
modified from Equation (2.13), where the correction factor for
sensitivity was changed from 2 dB to 1 dB in order to, according to
Harwerth et al., account for differences in the staircase strategy
for determining thresholds for the SITA Standard algorithm
(2.16)
modified from Equation (2.3), where the intercept has been
changed from 0.95 to 0.9 without explanation, possibly due to
rounding (the nontrivial implications thereof are discussed further
in the Results)
(

)

(2.17)

modified from Equation (2.14), where the expression of
was
changed to dB units to reflect a rearrangement of terms in
Equation (2.6) into an addition of density in dB to area in dB
rather than the more intuitive multiplication of density in linear
units times area in linear units; the rearrangement of Equation
(2.6) is not shown here for simplicity, but notably the conversion
of
to 4.7 dB resulted in a small change in the parameter
presumably due to round-off error
̅

(2.18)

modified from Equation (2.8), where is a new correction factor
for total number of axons based on the stage of the disease, given
by Equation (2.20) below; for simplicity and clarity, the correction
is shown in linear terms and not in dB as in Harwerth et al. (2010)
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(2.19)
modified from Equation (2.10), where the multiplicative constant
has been altered without explanation, possibly due to rounding or
a typo, though note that the ratio (16.7/12.5) from Equation
(2.10) should be 1.34 if rounded to two decimal places
̅

(2.20)

where is an assumed stage-dependent correction factor as in
Equation (2.18) and ̅ is the total deviation, as in Equation (2.21),
in visual sensitivity
from age-matched normative data
(subtracted in dB units) and averaged over the region of interest
̅
where the total deviation (TD) in dB
for a particular test
stimulus location is derived from the difference between the
sensitivity in dB and the averaged sensitivity ̅ in dB for a group
of age-matched normative data

(2.21)

Finally, Wheat et al. (2012) published a modified stage correction as follows:
(2.22)
modified from Equation (2.19), where the multiplicative constant
has been altered without explanation, possibly due to rounding
̅

(2.23)

modified from Equation (2.20) to reflect new empirically-derived
best-fit parameters
Wheat et al. (2012) also made a minor modification to the topographic map. Further work
from other groups have generally ignored the Wheat et al. (2012) study and have used the
equations from the Harwerth et al. (2010) review instead. A summary of the changes in the
H-NLM are presented in Table 2.1, along with the parameters used in recent work that uses
the H-NLM as a basis for further modelling.
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Publication
Harwerth et al. 2007

dgb
(se-b)/me

me
0.054e+0.95

e

As
2.25

ga
twdga

dga
1.71

c

Topographic Map
Harwerth et al. 2007,
1-to-1*
Harwerth et al. 2007,
1-to-1*
Harwerth et al. 2007

Harwerth et al. 2008

(se-b)/me

0.054e+0.95

1.336eh

?

twdga

1.23

Harwerth & Wheat 2008 (se-2-b)/me

0.054e+0.95

1.336eh

2.94

twdga

-0.007a+1.4

Harwerth et al. 2010

(se-1-b)/me

0.054e+0.9

1.32eh

2.95

twdga100.1c

-0.007a+1.4

-0.26D + 0.12

Harwerth et al. 2010

Wheat et al. 2012

(se-1-b)/me

0.054e+0.9

1.34eh

2.95

twdga100.1c

-0.007a+1.4

-0.28D + 0.18

Wheat et al. 2012

Medeiros et al. 2012

(se-1-b)/me

0.054e+0.9

1.32eh

2.95

twdga100.1c

-0.007a+1.4

-0.26D + 0.12

0.1c

-0.007a+1.4

-0.26D + 0.12

Medeiros et al. 2012,
1-to-1
1-to-1

Meira-Freitas et al. 2013 (se-1-b)/me

0.054e+0.9

1.32eh

2.95

twdga10

Tatham et al. 2013

(se-1-b)/me

0.054e+0.9

1.32eh

2.95

twdga100.1c

-0.007a+1.4

-0.26D + 0.12

Marvasti et al. 2013

(se-1-b)/me

0.054e+0.9

1.32eh

2.95

twdga100.1c

-0.007a+1.4

-0.26D + 0.12

Harwerth et al. 2007,
1-to-1
1-to-1

Tatham et al. 2014

(se-1-b)/me

0.054e+0.9

1.32eh

2.95

twdga100.1c

-0.007a+1.4

-0.26D + 0.12

1-to-1

Table 2.1. The parameters of the H-NLM. Parameters and
equations that do not change are omitted. Parameter changes are
indicated in bold. *1-to-1 map actually excluded 4 points from the
24-2 VF, so a subset of the 24-2 VF points was compared to the
entire optic disc.
Here, the parameters from the Wheat et al. (2012) study, the latest version of the H-NLM,
are used for the majority of the analysis, except as otherwise indicated. In order to evaluate
the model, the terms of the H-NLM model need to be rearranged to predict RNFL thickness
given visual field sensitivity, subsequently allowing a comparison to observed data. First,
we solve for the final form of the sensitivity-derived RGC count estimates (gb), starting from
Equation (2.6), substituting Equations (2.15) and (2.17), and making further substitutions
as needed:
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∑(
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)
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(
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(

)

)

)

)

))

(

∑(

)

)

)

)

Next, we solve for the final form of the OCT-derived RGC axon count estimates (ga), starting
from Equation (2.18), substituting Equations (2.12) and (2.23):
̅

(2.25)

̅ (
̅ (
̅ (

̅

(

)
)

)

̅
̅

)

Finally, the sensitivity-derived RGC count (gb) and the OCT-derived RGC axon count (ga)
were set equal to one another and solved for t, the average RNFL thickness for the region of
interest (corresponding to a region of the visual field based on the topographic map). Thus,
the final form of the H-NLM evaluated here is:
(2.26)
̅ (
̅

)
∑(

̅

∑(

(

)

(

)

)

)

̅
(
)
combining Equations (2.24) and (2.25), given a region of interest
on the visual field and the circle scan around the optic disc
(related to one another based on a topographic map), such that
sensitivity in dB (for a set of points in the region of the visual
field) predicts the thickness ̅ of the RNFL (averaged over the
region of the disc) in µm, when given the total deviation ̅ from
age-matched normative data (averaged over each point in the
region of the visual field), the width (specific for the region of
the disc), eccentricity , and age
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2.3.5

Hood and Kardon linear model (HK-LM)

The HK-LM predicts the RNFL thickness given the total deviation of the sensitivity from
age-matched normative data in linear units. The HK-LM is derived from earlier work by
Hood et al. (2002) comparing visual sensitivity to multifocal visual evoked potentials,
which suggested a linear relationship when both variables were expressed in linear units.
Thus, the visual field sensitivity data are converted for each test stimulus location as
follows:
(2.27)
where is the sensitivity for a particular test stimulus location in
linear (1/Lambert) units, obtained from the total deviation
in
dB, which is relative to age-matched normative values, as in
Equation (2.21)
Further, the thickness of the RNFL consists of a neuronal component (the “signal”) and a
“baseline” residual component (the “noise”) as follows:
(2.28)
where is the thickness of the RNFL in µm,
is the neuronal
component, and is the “baseline” residual component
The neuronal component of RNFL thickness can be estimated as:
̅
where ̅ is the thickness of the RNFL in µm averaged across a
group of healthy controls

(2.29)

The non-neuronal residual component of RNFL thickness has been estimated in two
different ways. The residual has been estimated based on regions corresponding to severe
vision loss (e.g., the median of the RNFL thickness for a set of eyes with a total deviation D
worse than -12 dB in the corresponding region of the visual field), or alternatively, a
simplifying assumption has previously been made to estimate the residual based on
controls as follows:
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(2.30)

̅
where , the residual thickness of the RNFL in µm, is simply
estimated as one-third of ̅ , the thickness of the RNFL in µm
averaged across a group of healthy controls, which also implies:

(2.31)

̅

The HK-LM assumes a piecewise linear relationship between the average sensitivity sL in
linear units and the average thickness t of the RNFL for the corresponding region as
follows:
̅
̅
where ̅ is the predicted RNFL thickness in µm averaged across a
particular region, ̅ is the sensitivity in linear units averaged
across the corresponding region, as related by a topographic map,
is the thickness of the RNFL for the corresponding region, is
the “baseline” residual thickness
̅

{

̅

(2.32)

This equation can be rewritten as:
̅

{

(̅

)̅

̅

̅
̅

(2.33)

If using the simplifying assumption for estimating the residual, the HK-LM becomes a single
parameter model that can be written as:
̅

{

( ̅) ̅

̅

̅

̅

̅

(2.34)

Note that the tc and tb parameters of the HK-LM are derived based only on controls and
patients with extreme loss, or based only on controls if using Equation (2.30) to estimate tb.
Thus, the parameters of the HK-LM are not best-fit parameters, though if the quantitative
metric of evaluation includes observations from the eyes used to estimate tc and tb, then
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these parameters should not be considered fully independent, either. In any case, as can be
seen in Table 2.2, the values for these parameters are quite stable.
Here, when the evaluation of the model includes the control and ION eyes, the
parameters used are from the Hood et al. (2009) study, the most recently published version
of the HK-LM. Because prior parameter estimates for topographic maps other than the
Garway-Heath et al. 2000 map do not exist, the controls and ION patients (where the total
deviation D was worse than -12 dB in the corresponding region of the visual field) were
used to estimate the parameters tc and tb for each individual topographic map when
comparing across maps; however, in this case, only the glaucoma suspects and patients
were used for analysis (and for calculating any quantitative metrics). Thus, there were no
free-parameters for the HK-LM in any of the analyses shown here.
Publication
Hood et al. 2007
Hood et al. 2007 PRER
Hood et al. 2008
Hood et al. 2009
present study

Superior VF
tc
tb
131.1
50.5
142.0
46.9*
143.1
45.5
142.6
43.3
137.0
35.8

Inferior VF
tc
117.9
130.5
131.2
125.8
123.5

Topographic Map
tb
50.5
43.1*
45.5
48.9
37.9

Garway-Heath et al. 2000
Garway-Heath et al. 2000
Garway-Heath et al. 2000
Garway-Heath et al. 2000
Garway-Heath et al. 2000

Comments

*tb = 0.33tc

Table 2.2. The parameters of the HK-LM. *the value of tb was only
determined as 0.33tc and not estimated independently, as in
other studies

2.3.6

Simulations of H-NLM

Because of the complexity of the H-NLM, it is difficult to disassociate the impact of each
parameter and to examine the individual assumptions. Therefore, in addition to the data
previously described, normative data for a range of ages were simulated for both the VF
and OCT in order to better explore the H-NLM model.
Average sensitivity values for each test stimulus location of the visual field were
generated for controls of varying ages using the normative database of the perimeter. For
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each test stimulus location for the fovea as well as the 10-2, 24-2, and 30-2 VF test patterns,
the average normal sensitivity in dB can be derived from a set of linear equations for each
eccentricity, as follows:
̅
where the averaged sensitivity ̅ in dB for a group of
age-matched normative data are given by a linear equation, is
age in years,
is the location-dependent slope of declining
sensitivity with age in dB/year, and
is the location-dependent
intercept in dB

(2.35)

The exact values for msai and bsai are proprietary (provided by Carl Zeiss Meditec, Inc.), but
are similar to previously published values (n=140 eyes, age range from 20 to 80 years, 1
testing center) (Heijl, Lindgren, & Olsson, 1987). The manufacturer values were used
because of the greater sample size and age range (n=422 eyes, age range from 17 to 89
years, 10 testing centers) (Humphrey Field Analyzer User Manual, 2012) and in particular
because values for locations closer to the fovea were also available.
Average RNFL thickness measurements for the entire optic disc were also generated
for controls of varying ages using the equation provided by Harwerth et al. (2008) as
follows:
̅
where ̅ is the average control RNFL thickness in µm averaged
across the entire optic disc and is age in years

(2.36)

The average loss of 0.3 µm/year of RNFL thickness (n=55 eyes) in the study by Harwerth et
al. (2008) is similar to a larger study (Budenz et al., 2007) that reported 0.2 µm/year
(n=328 eyes). The use of the slightly greater slope from the Harwerth et al. study makes the
related arguments put forth in the Results more conservative. Using the mean age of 51
years for the controls in this study yields a predicted average RNFL thickness value of 94.7
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µm by using Equation (2.36), and the actual mean of the control data in this study is also
94.7 µm.

2.3.7

Data analysis and evaluation

Data were analyzed using custom code written in MATLAB (version 2014a, MathWorks,
Inc., Natick, MA). To evaluate the models, the coefficient of determination R2 was used,
designated as R2cd. Occasionally, Pearson correlation coefficients were calculated,
designated as R2P. Note that, unlike the Pearson correlation coefficient R2P, the coefficient of
determination R2cd does not require a linear model and also can be negative based on the
following equation:
∑(
̂)
∑(
̅)
where the coefficient of determination
is defined as 1 minus
the ratio between the residual-sum-of-squares (observed value
for each data point minus the corresponding model prediction
̂ , quantity squared) and the total-sum-of-squares (observed
value for each data point
minus the mean of all observed
values ̅, quantity squared)

(2.37)

The R2cd can be intuitively thought of as a ratio between the amount of variability not
explained by the model (numerator) and the total amount of variability in the observed
data (denominator), whereas for 1 minus this ratio a value of R2cd=1 indicates that the
model explains the variability of the data perfectly, a value of R2cd=0 indicates that the
model performs the same as a “null” model using merely the mean of the data, and finally a
value of R2cd<0, indicates that the model actually performs worse than a null model.
In the earlier work of Harwerth et al. (2010), the following statistics were also used
to evaluate the models: the root-mean-squared-error (RMSE), the mean of error (ME), and
the standard deviation of error (SDE), defined as follows:

49

2.3 Methods

√ ∑(

∑(

(2.38)

̂)

(2.39)

̂)

(2.40)
√ ∑(

̂

∑(

̂ ))

The statistics used by Harwerth et al. (2010) will be discussed in more detail in the
Discussion.
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Figure 2.1: (A) The 24-2 VF test along with the approximate
relative size of the test stimulus (black dots). (B) The circle scan
around the optic nerve (left) and the corresponding RNFL
thickness (right) for healthy control (green), glaucomatous (black),
and ION (red) eyes. The Harwerth et al. (2010) model multiplies
estimates of RGC body density based on sensitivity by the area
around each stimulus (A, right panel, dark green square) to
estimate the number of RGCs and, similarly, RGC axon density
based on age times the cross-sectional area of the RNFL thickness
(B, right panel, light blue shaded region) to estimate the number
of RGC axons.

2.4

Results

2.4.1

Assumptions regarding the topographical maps

The H-NLM predicts the number of RGC bodies given local visual light sensitivity and the
number of RGC axons given OCT-derived RNFL thickness around the optic disc. Both of
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these estimates are derived by multiplying an estimate of density by an estimate of area.
For the estimate of RGC bodies based on visual light sensitivity, the estimated area around
each test stimulus location is multiplied by an estimate of RGC density based on
post-mortem histology from monkeys (see Figure 2.1A). Similarly, the cross-sectional area
around the optic disc (see Figure 2.1B) is multiplied by an estimate of RGC axon density.
Critically, these estimates must be related by a topographic map (Figure 2.2) to determine
the spatial correspondence between a set of test stimulus locations (and the resulting RGC
body estimate) and a particular region around the optic disc (and the resulting RGC axon
estimate). The H-NLM originally used the Harwerth et al. (2007) map, empirically derived
for best-fit. Some aspects of this map are unusual; for instance, some of the RGC bodies
located at visual field test stimulus locations for sectors 3 and 8 in Figure 2.2B must have
axons that follow an unusual path, initially traveling in a direction away from the optic disc
(see orange lines, Figure 2.2B), which is difficult to reconcile with theories of axon guidance
(Tessier-Lavigne & Goodman, 1996). Harwerth et al. later revised this map to the Harwerth
et al. 2010 map (and subsequently the Wheat et al. 2012 map); however, both of these
newer maps relate the superior and inferior hemfields within ~27° of visual angle from the
fovea with a very wide swath of the disc (Figure 2.2B), which almost certainly has a large
degree of axonal input from the peripheral retina (Figure 2.2A, middle panel) that is not
sampled by the test stimulus locations within the central ~27° of visual angle.
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Figure 2.2: The Garway-Heath et al. (2000) topographic map
relating the 24-2 VF to regions around the optic disc illustrated by
(A) the test stimulus locations of the 24-2 VF superimposed upon
a photo of the fundus (the interior surface of the eye) (left), the
path of hypothetical RGC axons from test stimulus locations to the
optic disc based on a schematic of RGC axons (middle), and the
RNFL thickness profile around the optic disc averaged for all
healthy control eyes (right). (B) Several topographic maps relating
24-2 VF stimulus locations to regions around the optic disc.
Moreover, when the total RGC counts for an entire eye were determined by either
Harwerth et al. or in further work by other groups, it is generally assumed that the entire
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region around the optic disc is related only to the region within ~27° of visual angle from
the fovea sampled by the 24-2 VF test pattern, a notion referred to here as the “1-to-1
Map”. Significantly, even though the generally good agreement between function-derived
and structure-derived RGC estimates have been touted as evidence for the validity of the
model by both Harwerth et al. and other groups, the RGC estimates should not agree for an
accurate model. This notion is explored quantitatively in a later section (2.5.1).
Unlike the H-NLM, the HK-LM used only the independently derived Garway-Heath et
al. 2000 map (Figure 2.2B, upper left), developed by tracing local defects and therefore
based on anatomy. The Garway-Heath et al. 2002 map (Figure 2.2B, upper right) was a
subsequent revision by the same group, but it was geared towards a structural measure
other than the OCT. Both of these maps have shown generally good agreement with
computational models describing the paths of the RGC axons in the human retina
(Airaksinen, Doro, & Veijola, 2008; Carreras, Medina, Ruiz-Lozano, Carreras, & Castro,
2014; Denniss, McKendrick, & Turpin, 2012; Jansonius et al., 2009). For both the H-NLM
and HK-LM, details of which topographical map was used for several publications can be
found in Table 2.1 (section 2.3.4 above) and Table 2.2 (section 2.3.5 above).

2.4.2

Assumptions regarding the fundamental structure-function
relationship

Both models assume a “fundamental” mathematical relationship between structure and
function. When both measures are expressed in linear units, it is clear the HK-LM model
assumes a linear relationship as it is of the form y=mx+b as in Equation (2.32), where y is
structure and x is visual function. Specifically, it is a piecewise linear model in that it is
constant when visual sensitivity is above normal, but in the relevant literature piecewise or
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“segmented” or “hockey stick” models usually refer to an assumed change in the
structure-function relationship with eccentricity or over the course of disease, such as the
Wollstein et al. model. On the other hand, the original form of the H-NLM expresses
sensitivity as the dependent variable and assumes that the relationship between structure
and function is “linear” with a non-zero intercept when both measures are expressed in dB
units as in Equation (2.2). To compare to the HK-LM form of y=mx+b, where x and y are in
linear units, the H-NLM can be rewritten as:

(

)

(

(

)

)

(

(

)

)

(

)

(

)

((
(

) )
)

Thus, the H-NLM is in the form of a power law when both structure and function are
expressed in linear units. However, the original form of the H-NLM in Equation (2.2)
compared light sensitivity to the density of RGC bodies, not RNFL thickness around the
optic disc. When the H-NLM is written such that sensitivity predicts RNFL thickness after
accounting for factors dependent on eccentricity, age, and disease stage (discussed in detail
later) as in Equation (2.26), the model becomes considerably more complex and difficult to
understand intuitively.
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Figure 2.3: (A) The relationship between visual sensitivity relative
to age-matched normative values in linear (1/L) units on the x-axis
and RNFL thickness around the optic disc on the y-axis. The Hood
and Kardon model (blue) compared to the Harwerth et al. model
(purple) and the Harwerth et al. model with stage-correction
(orange). The Harwerth et al. model was also normalized (light
purple and orange) to match the Hood and Kardon model
prediction for normal sensitivity. Fitted power law equations
(grey) were very good approximations of the Harwerth et al.
model. (B) Same as in (A), but with relative sensitivity expressed in
dB on the x-axis. (C) Same as in (A), except using an older set of
parameters for the Harwerth et al. model (see details in text).
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To understand the general form of the structure-function relationship, the H-NLM
values were simulated (as described in Methods) for a healthy eye of age 50 using the
anatomically supported topographic map of Garway-Heath et al. 2000. For simplicity, the
correction based on disease-stage was also removed (discussed later) for this initial
analysis. All other parameters were based on the most recently published values in Wheat
et al. (2012). To simulate decreased visual sensitivity, all the points for a particular region
were decreased equally in 1 dB steps. This yielded a prediction of RNFL thickness that
incorporated the different eccentricity-based calculations for each visual field test stimulus,
and thus simulates the expected structure-function relationship when age is constant. This
allows for a more intuitive understanding of the H-NLM structure-function relationship as
it describes RNFL thickness and can be compared to the HK-LM (also plotted using the
most recently published set of parameters). Figure 2.3A shows the predictions of RNFL
thickness, given sensitivity, for the HK-LM model (blue line) for both the inferior (left) and
superior (right) hemifields. The predictions of the H-NLM model (dark purple line) based
on simulations still take the form of a power law. In fact, it can be approximated fairly well
using the best-fit values of c=197.1 and k=0.563 (R2cd>0.99) for the inferior hemifield and
the values of c=200.0 and k=0.544 for the superior hemifield (R2cd>0.99). The
approximated best-fit power law functions are shown in grey but are almost completely
superimposed by the simulations. Notably, the H-NLM predicts much larger RNFL
thicknesses than the HK-LM, particularly when sensitivity is greater than normal. To
qualitatively compare the forms of the models without this systematic offset, the H-NLM
model was also normalized (light purple line) to share the same prediction as the HK-LM
for a normal sensitivity value. The same analysis as in Figure 2.3A is shown with sensitivity
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expressed in dB in Figure 2.3B, which is commonly done in the literature and is the scale
typically used for later figures shown here. Thus, it should be clear that even though the
HK-LM (blue line) appears non-linear when sensitivity is expressed in dB as in Figure 2.3B,
the model itself is still linear. While the normalization helps visualize the form of the
relationship, a question raised by Figure 2.3A,B is why the H-NLM model predicts much
larger RNFL thickness values than the HK-LM when sensitivity is near-normal. To answer
this question, the original Equation (2.1) of the H-NLM relating RGC density to sensitivity
for normal subjects is considered in more detail in the next section.

2.4.3

Assumptions regarding eccentricity as well as age-dependent
changes in sensitivity

The early work involving the H-NLM (Harwerth et al., 2004) began with estimating the
density of RGC bodies as a function of eccentricity in healthy eyes as in Equation (2.1).
Curcio and Allen (1990) obtained independent estimates of RGC density in human eyes,
and their data were digitized and are plotted in Figure 2.4A (bold black line) along with a
95% confidence interval for the mean (grey lines) (calculated based on the more
conservative t-distribution given the relatively small sample size). Superimposed (red line)
are the predictions of the study by Harwerth et al. (2004) after adjusting for the difference
in the axial length of the monkey eye. Next, control values for light sensitivity were
determined via simulation [as explained in the Methods, Equation (2.35)] for the mean age
(35.5 years) of the samples from the Curcio and Allen study, and the density of RGC bodies
was plotted as a function of eccentricity based on the H-NLM [Equations (2.4), (2.15),
(2.16), (2.22)] using the latest set of published parameters (green line).
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Figure 2.4: (A) RGC density based on the histological
measurements (black) of Curcio and Allen (1990) with a 95%
confidence interval for the mean (grey lines), along with
predictions of the Harwerth et al. (2010) model based on
simulated normal sensitivity values (green), using an older set of
parameters (Harwerth et al., 2007) (blue), and using the original
equations derived based on monkey data (Harwerth et al., 2004)
(red), with details given in the text. (B) Same as in (A), but
expressed as a percentage of the histological measurements
(black line in A).
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Notably, the predictions of the H-NLM were markedly above the 95% confidence
interval based on the human histology of Curcio and Allen. In fact, though the function
decreases with higher eccentricity values, discrepancies at higher eccentricities are also
important because these density calculations are multiplied over larger areas when
estimating the number of RGC bodies. Figure 2.4B shows the values in Figure 2.4A scaled
relative to the predictions of Curcio and Allen. Given these results, the performance of the
H-NLM was concerning. Additionally, after reexamining the parameters of the H-NLM, it
became clear that the parameter change [in which Equation (2.3) became (2.16)] in
Harwerth et al. 2010, which also coincided with the new topographic map and the
validation of the H-NLM model, had a very large impact on the fundamental relationship
between sensitivity and RGC density as in Equation (2.15). The results when using the
older parameters [Equation (2.3)] are also plotted (blue line) in Figure 2.4A,B and are
closer to the histology of Curcio and Allen, though notably the estimates for eccentricities
near the fovea (less than about 4°) and in the periphery (more than about 12°) are still
outside the 95% confidence intervals. No explanation for this parameter change was given;
however, 3 publications on which Harwerth is a co-author and 6 other publications from
groups using the H-NLM for further modelling have all used the parameters in Equation
(2.16) (no errata currently published). Therefore, the parameters from Equation (2.16)
were assumed to be the latest version of the model for further analysis. (Note that most
analyses were done with both sets of parameters and the conclusions remained the same.)
Regarding the fundamental structure-function relationship discussed earlier (Figure 2.3A),
the H-NLM was also simulated for the older parameter value [Equation (2.3)] in Figure
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2.3C. While the simulated functions appear closer to the HK-LM, there is still a considerable
difference.
As shown in Figure 2.4, the H-NLM assumes a particular relationship (green curve)
between the density of RGC bodies and light sensitivity in controls. Sensitivity values
decline with both age and, for a constant age, decline with eccentricity (Heijl et al., 1987).
Though it may seem like the HK-LM has no age-dependent or eccentricity-dependent
assumptions, in reality the HK-LM, by using the deviation of sensitivity from age-matched
normative data for each test stimulus location, accounts for both of these factors. In
contrast, the H-NLM does not directly correct sensitivity data for age or eccentricity,
instead assuming that any effect of age or eccentricity on sensitivity is fully explained by
RGC density, and not by factors (e.g., cortical changes) unrelated to the number of RGCs.
Further, the H-NLM assumes that the fundamental nature (mathematical relationship)
between structure and function changes with eccentricity, that is, it is not just the intercept
but also the slope that changes. By adjusting eccentricity based on normative values, the
HK-LM effectively has different “intercepts” for each eccentricity while assuming that the
fundamental relationship remains linear.

2.4.4

Assumptions regarding disease-stage-dependent changes in
structure

The HK-LM assumes that the structure-function relationship is linear throughout the stages
of disease but that, in severe disease, the thickness of the RNFL reaches an asymptotic
residual (as shown in Figure 2.3A,B). The earlier versions of the H-NLM (purple lines in
Figure 2.3A,B) did not account for a residual (more obvious in Figure 2.3B), assuming that
RNFL thickness eventually decreased to 0 µm with severe visual loss. In contrast, the
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HK-LM assumes that a residual thickness, comprised of glial cells and blood vessels, is
reached. The H-NLM was later modified in Harwerth et al. 2010 and Wheat et al. 2012 to
include a residual component; however, rather than assuming a constant residual, the
newer version of the H-NLM assumes that gliosis increases with disease stage, thus altering
the nature of the structure-function relationship. While the correction factor in Equation
(2.18) as defined in Equation (2.23) may seem like an independent correction for the stage
of disease, in fact the average total deviation Equation (2.23) is equivalent to adding a
sensitivity-dependent term yet again into the model, fundamentally altering the underlying
relationship between sensitivity and structure. By assuming a uniform loss in the
simulations shown earlier in Figure 2.3A,B and implementing the more recent
stage-correction [Equation (2.23)], the modified H-NLM was also simulated (orange lines in
Figure 2.3A,B). As can be seen in Figure 2.3B, the H-NLM now has a residual term, but the
structure-function relationship has also changed considerably. This new relationship can
also be approximated fairly well with a power law using the values of c=205.4 and k=0.278
(R2cd>0.99) for the inferior hemifield and the values of c=208.2 and k=0.256 for the
superior hemifield (R2cd>0.99). It is also noteworthy that both Equation (2.20) and (2.23)
have a non-zero intercept, such that a value of deviation D=0, as expected for normal
sensitivity, still yields a correction factor for the overall estimated RGC axon count.
Similarly, if gliosis is the explanation for this correction factor, one would expect the
function to be bounded such that it would not be applicable for above-normal sensitivity
values, which is not the case.
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2.4.5

Assumptions regarding age-dependent changes in structure

The HK-LM assumes that the effect of age on structural measures is small and therefore an
age-correction for these structural measures was not built into the model. While the
original version of the H-NLM did not have an age-correction for structural measures,
Harwerth et al. (2008) later modified the H-NLM based on the assumption that axon
density decreases with age, even in healthy control eyes. Studies in the literature relating
RGC axon count to age using post-mortem histology in human subjects tend to have
relatively small sample sizes, so to examine the assumption of age-dependent changes in
the number of RGC axons, raw data were digitized from four such studies (Balazsi,
Rootman, Drance, Schulzer, & Douglas, 1984; Jonas, Schmidt, Müller-Bergh, SchlötzerSchrehardt, & Naumann, 1992; Kerrigan-Baumrind et al., 2000; Mikelberg, Drance,
Schulzer, Yidegiligne, & Weis, 1989) in the literature and obtained directly from data tables
provided in another two studies (Johnson, Miao, & Sadun, 1987; Repka & Quigley, 1989). A
seventh study (Jonas, Müller-Bergh, Schlötzer-Schrehardt, & Naumann, 1990) was excluded
due to overlap in the population studied. If any study included information from two eyes,
the data were averaged such that only one data point was contributed from each individual.
This meta-analysis of the literature yielded a sample size of 129 eyes (age = 54.3 ± 22.6
years [mean ± SD]) without optic nerve disease as shown in Figure 2.5A. The average axon
count for all eyes was 998,051 ± 318,830 (mean ± SD). A best-fit linear regression to the
data (solid black line) yielded a slope of -5,535 axons/year (R2P=0.15, p<0.01).
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Figure 2.5: (A) The number of RGC axons for post-mortem
histological measurements of eyes without optic nerve disease
from a meta-analysis of the literature (see legend), along with a
best-fit linear regression (black), the regression without the
Kerrigan-Baumrind et al. study (grey), the estimates based on the
Harwerth et al. model using sensitivity (green; corrected for 24-2
VF sampling in light green) as well as the estimates based on the
Harwerth et al. model using OCT without age correction (purple)
and with age correction (orange). (B) Same as in (A), but with the
literature values normalized across studies (see text for details).
Next, the average OCT-derived RNFL thickness for the entire optic disc was
simulated based on the linear equation provided by Harwerth et al. [Equation (2.36)],
which predicts a decrease in RNFL thickness by about 0.3 µm/year. These simulated data
were then used as an input into the H-NLM without an age-dependent axon density
correction [Equations (2.8) and (2.11)] to determine the effect of age on RGC axon count
for the H-NLM model based solely on OCT-derived RNFL thickness (Figure 2.5A, purple
line). Interesting, while there is a systematic offset to the predictions of the H-NLM that
yields a poor fit to the literature data (R2cd<0), the slope of -3,911 axons/year is similar to
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the line of best-fit (black line). When the age-dependent axon density correction [Equation
(2.12)] was implemented into the H-NLM (orange line), the fit was still considerably worse
(R2cd=0.02) than the line of best-fit, and the slope became -10,220 axons/year, almost twice
that predicted by the histological data. Next, the change in the number of RGC bodies based
on age for the H-NLM (green line) was determined by simulating visual field sensitivity
data for varying ages as previously described. Again, the H-NLM function did not fit the
data well (R2cd<0), and predicted a slope of -10,534 axons/year, also almost twice that
predicted by the histological data. Interestingly, the addition of the age-dependent
correction of the structural data to the H-NLM (change from purple to orange line) brings
the model out of agreement with the histological data but brings the two separate RGC
estimates (from function and structure) closer together.
Of the data in Figure 2.5A, a single study by Kerrigan-Baumrind et al. (2000) heavily
influenced the best-fit line (black). The slope without this study (grey line) would be -3,027
axons/year (p=0.01), or about one-third of the H-NLM estimates. If only considering the
ages between 40 and 60 years (inclusive), the mean axon count of the entire population
(n=32) was 1,037,501 axons while the mean of the Kerrigan-Baumrind et al. study for the
same age range (n=2) was 611,449 axons. To estimate the effect of possible systematic
bias across studies, each study was normalized by addition or subtraction such that the
mean of the individuals in the range of 40 to 60 years would be 1,000,000 axons.
(Normalization was not done by division, so the slope for the data within each study
remained the same.) This normalized meta-analysis is shown in Figure 2.5B, where the
slope of the best-fit line (black) was reduced to -2,405 axons/year, now in very close
agreement to the slope of the best-fit line excluding the Kerrigan-Baumrind et al. study
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(grey), which was -2,211 axons/year. That is to say, assuming a mean of 1 million RGC
axons, the normalized data predict a loss of as little as 0.24% per year, whereas the
age-adjusted H-NLM (orange) predicts a slope that is more than four times greater.

2.4.6

Assumptions regarding model evaluations

In the literature, the agreement of estimates of RGC bodies and RGC axons has been offered
as evidence supporting the H-NLM. For example, in Harwerth et al. 2010 (see their Figs. 7,
9, 10A, 11A) and in Medeiros et al. (see Fig. 1), the sensitivity-derived estimate of RGC
bodies is plotted against the OCT-derived estimate of RGC axons (or vice-versa) and the
residuals and R2P values are reported. Here, a similar graph (Figure 2.6) is generated using
simulated values based on the H-NLM for healthy controls from ages 20 to 80 years in 5
year increments (solid green circles). This can be understood in relation to Figure 2.5A in
that the value on the x-axis is determined based on the prediction of the orange line in
Figure 2.5A and the values on the y-axis are determined based on the green line in Figure
2.5A. The important point here is that these values can be very well-correlated (R2P>0.99)
even though the predictions of the H-NLM (as in Figure 2.5A) do not fit the histological data
well (recall that the R2cd was less than 0.03 for both the orange and green lines). Thus, the
correlation coefficient for plots like that in Figure 2.6 is better interpreted as an estimate of
measurement error (variability on each axis) rather than evidence for the validity of the
model. Likewise, one could reduce the distance of these predictions (solid green circles in
Figure 2.6) from unity correlation (thereby reducing the residuals) by increasing the
OCT-derived RGC-axon estimates (orange line in Figure 2.5A), which would result in an
even worse fit to the histological data but a better agreement between the RGC estimates
derived separately from function and structure.
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Figure 2.6: The predictions of the Harwerth et al. model (solid
greens symbols) using sensitivity measures (y-axis; green line in
Figure 2.5) and OCT measures (x-axis; orange line in Figure 2.5), as
well as after adjusting for the 24-2 sampling (open green
symbols). Note the correlation between these two estimates
despite the differences from histological data in Figure 2.5.

2.4.7

Application of H-NLM and HK-LM to a novel dataset

To further examine the effect of using different topographic maps and to compare the
performance of the two models, both the H-NLM and HK-LM were applied to a novel fdOCT
dataset (details in Methods). The latest sets of published parameters were used for both
models except as otherwise indicated. Figure 2.7A shows the results of the H-NLM in the
same form as it is commonly plotted (e.g., Figs. 10A and 11A of Harwerth et al. 2010). There
is seemingly reasonable agreement between the RGC predictions from both function
(x-axis) and structure (y-axis) for the controls (green squares), glaucoma patients and
suspects (black circles), and ION patients (red squares). There is a tendency for the points
to fall below unity (grey line), but the points are well-correlated (R2P=0.90). In the past,
similar results have been used to argue in favor of the validity of the H-NLM. The HK-LM
(blue line) is shown in Figure 2.7B for both the inferior (left, R2cd=0.59) and superior (right,
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R2cd=0.46) hemifields. (Note that it is not reasonable to compare the R2P and R2cd values, as
discussed later.) The values for the parameters tc and tb [Equation (2.33)] for the HK-LM
were set based on the controls and ION patients, which was necessary to apply the HK-LM
to other topographic maps for which previously published values did not exist. Therefore,
for the remaining analyses, both the H-NLM and HK-LM are assessed using only the
glaucoma patients and suspects (black circles) and the subsequent R2cd values are based
only on these data (unless otherwise indicated).
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Figure 2.7: (A) Estimated RGC counts determined from VF (x-axis)
and OCT (y-axis) based on the Harwerth et al. model for controls
(green squares), glaucoma patients and suspects (black circles),
and ION patients (red squares). (B) The same data as in (A) plotted
for the superior retina (left) and inferior retina (right) using the
Garway-Heath et al. 2000 map with the Hood and Kardon model
(blue) superimposed.
A direct comparison of the two models should use the same topographic map, so
both the H-NLM and HK-LM were tested against the data when sensitivity and RNFL
thickness were related using the Wheat et al. 2012 map, the latest map from the Harwerth
lab which is very similar to the Harwerth et al. 2010 map used for the prior validation of
the H-NLM. The results can be seen in Figure 2.8A, where the HK-LM (blue line, R2cd=0.15
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inferior hemifield, R2cd=0.14 superior hemifield) describes the data from the glaucoma
patients and suspects (black circles) better than the predictions of the H-NLM (orange
circles, R2cd=-6.86 inferior hemfield, R2cd=-3.18 superior hemifield). (See Methods for an
explanation of why the coefficient of determination R2cd can be negative.) Here, the full
H-NLM is used, which includes individualized corrections for age and disease-stage, and
therefore the H-NLM cannot be plotted as a simple function (as it was in the simulation in
Figure 2.3). Note that outliers above the range of the y-axis are pinned to the top of the
graph as + symbols. The absolute residuals of both models can be compared qualitatively in
Figure 2.8B, where, as expected from the R2cd values, the H-NLM residuals (orange circles)
have a tendency to be larger than the HK-LM residuals (blue circles). When both models
are plotted against the data using the anatomically-derived Garway-Heath et al. 2000 map,
as shown in Figure 2.9A,B, the fit of the HK-LM model becomes better (R2cd=0.31 inferior
hemifield, R2cd=0.34 superior hemifield) while the fit of the H-NLM becomes worse
(R2cd=-7.17 inferior hemifield, R2cd=-4.22 superior hemifield).
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Figure 2.8: Structure and function related using the Wheat et al.
2012 topographic map. The total deviation from age-matched
normative data for the visual field (VF) sensitivity is on the x-axis.
(A) The retinal nerve fiber layer (RNFL) thickness for the region
corresponding to the VF, based on a topographic map, is on the
y-axis. The predictions of both the Hood and Kardon model (blue)
and the Harwerth et al. model (orange) for the glaucoma patients
and suspects (black circles) along with a “null” model (grey
horizontal line). Outliers (plus symbols) are pinned to the top of
the graph. (B) The absolute residuals of each of the models from
the data (black circles) in (A).
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Figure 2.9: Structure and function, same as in Figure 2.8, but
related using the Garway-Heath et al. 2000 topographic map. The
total deviation from age-matched normative data for the visual
field (VF) sensitivity is on the x-axis. (A) The retinal nerve fiber
layer (RNFL) thickness for the region corresponding to the VF,
based on a topographic map, is on the y-axis. The predictions of
both the Hood and Kardon model (blue) and the Harwerth et al.
model (orange) for the glaucoma patients and suspects (black
circles) along with a “null” model (grey horizontal line). Outliers
(plus symbols) are pinned to the top of the graph. (B) The
absolute residuals of each of the models from the data (black
circles) in (A).
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2.5

Discussion

2.5.1

Evaluating the assumptions of the H-NLM

Here, the assumptions underlying the H-NLM were explored and subsequently both the
H-NLM and HK-LM were compared quantitatively to a novel fdOCT dataset. In examining
the assumptions, it became clear that any comparison between structure-function models
relating sensitivity to a measure of structure at the optic disc should use the same
topographic map. Moreover, the topographic maps used by other studies of the H-NLM
(Figure 2.2B) are difficult to defend based on the anatomy (Figure 2.2A). It should be clear
that this is true independent of the model in which it is used. To illustrate this, the visual
field regions according to the Wheat et al. 2012 map were used to compute the
structure-function relationship between sensitivity averaged over these regions, and this
functional measure was plotted against the RNFL thickness from a single location around
the optic disc. Spearman rank-order correlation coefficients (which are agnostic to any
model and do not assume linearity) were then determined sequentially for each such
point-wise comparison across all individual locations of the optic disc as shown in Figure
2.10. The strongest structure-function relationship between the optic disc and sensitivity
for the inferior visual field was found near 77°12 and for the superior visual field near 286°
(see Figure 2.10). Both of these peaks corresponded well to the locations assigned by the
Garway-Heath et al. 2000 map (narrow bars at 0.7 on the y-axis) whereas the Wheat et al.
2012 map (broad bars near 0.75 on the y-axis) includes large regions where the
structure-function relationship is relatively poor. (There is some correlation between these
visual field regions and the nasal disc because presumably patients with abnormal vision
12

This angle indicates the location around the optic, with the most temporal region of the disc designated as
0°. See Figure 2.1B for a schematic.
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inside the region sampled by the 24-2 are more likely to also have damage outside of the
sampling region.) Thus, future structure-function models should not use maps that cannot
be justified anatomically.
Further, as alluded to earlier in the Results, when comparing sensitivity-derived
estimates of RGC bodies based on sampling only within ~27° from the fovea, a valid model
should in fact underestimate the true RGC axon count. That is, an accurate model, when
using a “1-to-1” topographic map comparing the entire 24-2 visual field to the entire optic
disc, should have points falling below the grey unity line in Figure 2.6, not above as seen in
the solid green circles, and also not close to unity as shown in many examples in previous
work. Even if the central 30° were sampled by the visual field test (as possible with the
30-2 protocol), the remaining region outside 30° corresponds to about 73% of the total
retinal area which, even with reduced RGC density, still accounts for approximately 25% of
the total RGC count for the average human eye (Curcio & Allen, 1990).
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Figure 2.10: The Spearman correlation coefficient for the
structure-function relationship between the visual field regions
(inferior field in blue; superior field in red) of the Wheat et al.
2012 topographic map compared to each individual location
around the optic disc, with the most temporal region of the disc
designated as 0° (see Figure 2.1B for a schematic). The
corresponding region at the optic disc for the Wheat et al. 2012
map are the bold horizontal bars at approximately 0.75 on the
y-axis, while the regions for the Garway-Heath et al. 2000 map are
at approximately 0.7 on the y-axis.
To further illustrate this issue, the light sensitivity for the same age range as in
Figure 2.6 was simulated again, this time generating 30-2 visual field for healthy controls,
which has slightly more extended sampling than the 24-2 (out to 30°). These data were
used to generate estimates of RGC bodies based on the H-NLM, and these estimates were
further corrected based on the assumption that only about 75% of the RGC were sampled
within the central 30°. These new, corrected estimates are shown in Figure 2.5A,B (light
green line) and Figure 2.6 (open green circles). Thus, the predictions of the H-NLM based
on sensitivity, once corrected for the region sampled, are markedly higher than the values
derived from histology. These estimates raise serious concerns about the validity of the
H-NLM. A more general point is that the agreement between two independently derived
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estimates for the RGC count is only compelling evidence for the validity of a model
estimating RGCs if both estimates are entirely without empirically fit parameters. Once any
model is revised to improve the agreement between the two measures, such agreement is
no longer compelling evidence that the model accurately describes histology. In fact,
continuous adjustments to maintain this agreement may cause the model to deviate further
from an accurate estimation.
It is also troubling that one of the fundamental equations of the H-NLM [Equation
(2.15)] yields predictions for RGC density that differ so markedly from the histological data
in human eyes (Figure 2.4). While the H-NLM equations were based on sampling from 16
monkey eyes (complete sampling in 11 eyes) and the Curcio and Allen data were based on
a smaller set of 6 human eyes (complete sampling in 5 eyes), the actual number of
histological samples was about 200 for the Harwerth et al. study and 992 for the Curcio and
Allen study, and the sampling method of Curcio and Allen was designed to provide accurate
estimates, with, for example, a higher sampling rate near the fovea. Furthermore, the work
of Curcio and Allen distinguished RGCs from displaced amacrine cells, whereas Harwerth et
al. included displaced amacrine cells in their analysis, possibly accounting in part for higher
estimates of RGC density in the periphery. Finally, it is generally known that RGCs are
displaced from the fovea and therefore RGC density should approach 0 (or undefined) near
an eccentricity of 0, which is not the case for the H-NLM (green line in Figure 2.4) or the
original equation upon which it is based [Equation (2.1), red line in Figure 2.4]. The
difficulty in using sensitivity to predict RGC density near the fovea is that sensitivity
reaches a sharp peak at the fovea, corresponding to the peak in cone density, and unless the
form of the function is more complex than a linear model, inputting sensitivity effectively
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convolves the sensitivity curve with the RGC density estimate curve, creating a peak near
the fovea. It is probably legitimate, therefore, to treat the results of a function estimating
density near the fovea as “undefined”, but this should be stated explicitly. Furthermore,
note that the 10-2 protocol, which samples densely within the central 10° (vertical grey
lines in Figure 2.4B, in particular see line at about 3° eccentricity), would be impacted
considerably if it is assumed that functions estimating RGC density are valid near the fovea.
Moreover, it is not clear if the additional assumptions of the H-NLM, which increase
the complexity of the model, are entirely justified. For instance, the model appears to
overestimate the effect of age on the number of RGC axons in healthy controls (Figure
2.5A,B). The amount of axon loss estimated by the model (over 10,000 axons per year, that
is, over 100,000 axons per decade) is between 2 to 4 times greater than that derived from a
meta-analysis of the data available in the literature for human histology. While data from
monkeys was ignored in the meta-analysis shown here, a recent study by Fortune et al.
(Fortune, Reynaud, Cull, Burgoyne, & Wang, 2014) is noteworthy as, in 46 monkeys,
approximately 100% of the optic nerve was sampled for each animal using an automated
and validated counting technique (Reynaud et al., 2012), whereas prior studies in both
humans and monkeys generally sampled between 1% and 6% of each optic nerve
cross-section and extrapolated the data. Fortune et al. suspected that this may have led to
an overestimation of axon loss per year in prior studies, as in their cohort they found a loss
of only 1,364 axons per year (which was not statistically significant despite their relatively
large sample size). The estimate from Fortune et al., after taking into consideration the
shorter lifespan of the monkey, is quite close to the estimate of between 2,200 and 3,900
axons per year derived from the meta-analysis done here. A general point is that the
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correspondence to histological data. For a model that purports to estimate RGCs, it is
particularly important to realize that increasing agreement between these two estimates,
for example by introducing an age correction into the OCT-derived estimated RGC axon
count, assumes that the other estimate, in this the sensitivity-derived RGC body count, is
accurate. An alternate explanation, which should be considered in the future, is simply that
some of the previous assumptions require reconsideration without introducing further
complexity. For example, it is possible that the fact that the sensitivity is not age-corrected
in the H-NLM leads to an overestimation of the effect of age on the number of RGC bodies,
that is, perhaps part of the decline of sensitivity with age is due to factors not directly
related to RGC density.
Finally, the poor performance of the H-NLM observed in our novel, independent
dataset is troubling, particularly given this performance was considerably worse than the
validation study comparing the H-NLM to the HK-LM done by Harwerth et al. in their 2010
review. The possible explanations behind this discrepancy are considered below.
Hopefully, these ideas will be used as a framework for future model comparisons.

2.5.2

Quantitative evaluations of the models

The previous study by Harwerth et al. 2010 in which the models were compared concluded
that the performance was similar but that the HK-LM was “less precise” and that the
statistical metrics used indicated the “heteroscedasticity” of the HK-LM.

However,

heteroscedasticity suggests that the variability of errors changes in magnitude across the
range of predictions, and this is not an inherent property of the HK-LM any more than it is a
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property of the H-NLM. Harwerth et al. come to this conclusion based on the distribution of
residuals for the two models, which are shown for both maps in Figure 2.11. Specifically,
the standard deviation of the errors (SDE, see Methods) for the H-NLM on the Harwerth et
al. 2010 map was compared to the SDE of the HK-LM on the Garway-Heath et al. map. In
our dataset, for the superior hemifield, the H-NLM on the Wheat et al. 2012 map does
indeed have a smaller SDE (26 µm) than the HK-LM on the Garway-Heath et al. map (27
µm). However, this is largely a property of the data given the topographic map used, as can
be seen in the SDE for a “null” model (flat grey line at the mean of the RNFL thickness
values as shown in Figure 2.8 and Figure 2.9; grey histogram in Figure 2.11), where for the
superior hemifield the SDE increases from 20 µm on the Wheat et al. 2012 map to 35 µm on
the Garway-Heath et al. map. That is, the absolute values and variability of the data
increases when a smaller region of the optic disc, near the highly-vulnerable arcuate
regions, is sampled (as in the Garway-Heath et al. map) when compared to averaging over a
large region of the disc (Wheat et al. 2012 map; see Figure 2.2B).
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Figure 2.11: The residuals for the Hood and Kardon (blue),
Harwerth et al. (orange), and “null” (grey) models for the Wheat
et al. 2012 map (left) and the Garway-Heath et al. 2000 map
(right). See text for details.
In fact, other quantitative metrics used to compare the H-NLM to the HK-LM in the
Harwerth et al. 2010 validation study (the root-mean-squared-error [RMSE], mean error
[ME], and [SDE]), which used different maps for each model, failed to take into account a
difference in the mean and variability inherent in the datasets themselves when sampling
different regions of the disc. This is illustrated in Table 2.3, where the “null” model,
evaluated using the RMSE or SDE as in the Harwerth et al. 2010 validation study, appears
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to perform worse when using the Garway-Heath et al. map than when using the Harwerth
et al. 2010 or Wheat et al. 2012 maps.
Map: Garway-Heath et al. 2000
Superior Retina (Inferior Field)
Inferior Retina (Superior Field)
Map: Harwerth et al. 2010
Superior Retina (Inferior Field)
Inferior Retina (Superior Field)
Map: Wheat et al. 2012
Superior Retina (Inferior Field)
Inferior Retina (Superior Field)

HK-LM
0.31
0.34
HK-LM
0.15
0.12
HK-LM
0.15
0.14

R2cd
H-NLM
-7.17
-4.22
H-NLM
-6.86
-3.46
H-NLM
-6.86
-3.18

Null
0
0
Null
0
0
Null
0
0

HK-LM
24
28
HK-LM
18
19
HK-LM
18
19

RMSE
H-NLM
84
80
H-NLM
56
43
H-NLM
56
42

Null
30
35
Null
20
20
Null
20
20

HK-LM
9 (23)
8 (27)
HK-LM
6 (17)
7 (18)
HK-LM
6 (17)
7 (18)

ME (SDE)
H-NLM
-79 (31)
-74 (30)
H-NLM
-46 (32)
-35 (25)
H-NLM
-46 (32)
-33 (26)

Null
0 (30)
0 (35)
Null
0 (20)
0 (20)
Null
0 (20)
0 (20)

Table 2.3. The effect of different topographic maps on metrics of
evaluation; abbreviations: R2cd is the coefficient of determination,
RMSE is the root-mean-squared error, ME is the mean error, and
SDE is the standard deviation of the error
This concern can also be understood on theoretical grounds by comparing the equations
for the quantitative metrics in Table 2.3 as listed in the Methods. Notably, the only equation
that includes a term for the overall mean of the observed values is the coefficient of
determination. Thus, the R2cd is preferable for comparing structure-function models across
topographic maps, though for proper interpretation models should still be compared
pairwise on a specific map, and the anatomical validity of the map itself should be
considered in conjunction with the performance of the models based on quantitative
metrics. Future model comparisons should take this issue into account. Additionally, the
Harwerth et al. (2010) validation study (their Figs. 12 and 13) includes R2cd values
superimposed upon the figures, and in fact, though they are never discussed it the text, the
values are equivalent for the first dataset (R2cd=0.4 for both the H-NLM and HK-LM,
combining both hemifields for each model) and the performance of the HK-LM is actually
better for the second dataset (R2cd=0.4 for the H-NLM and R2cd=0.6 for the HK-LM). The R2cd
can be used to explore the models across a larger variety of maps, as seen in Table 2.4. Note
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that the performance of the HK-LM decreases when the topographic maps are not
anatomically defensible13 whereas the performance of the H-NLM increases.
Map
Garway-Heath et al. 2000
Superior Retina (Inferior Field)
Inferior Retina (Superior Field)
Garway-Heath et al. 2002
Superior Retina (Inferior Field)
Inferior Retina (Superior Field)
Harwerth et al. 2007
Superior Retina (Inferior Field)
Inferior Retina (Superior Field)
Harwerth et al. 2010
Superior Retina (Inferior Field)
Inferior Retina (Superior Field)
Wheat et al. 2012
Superior Retina (Inferior Field)
Inferior Retina (Superior Field)
Medeiros et al. 2012
Superior Retina (Inferior Field)
Inferior Retina (Superior Field)
“1-to-1”
Entire Retina (~27° Field)
The R2cd values for both

R2cd
HK-LM
0.31
0.34
HK-LM
0.34
0.35
HK-LM
0.16
0.17
HK-LM
0.15
0.14
HK-LM
0.16
0.12
HK-LM
0.16
0.02
HK-LM
0.11

H-NLM
-7.17
-4.22
H-NLM
-9.12
-12.58
H-NLM
-2.71
-0.37
H-NLM
-6.86
-3.18
H-NLM
-6.86
-3.46
H-NLM
-3.29
-1.49
H-NLM
-2.55

Table 2.4.
the HK-LM and H-NLM across
several different topographic maps.
Still unanswered by our results is the very large discrepancy between our assessment of
the H-NLM model and that in the study by Harwerth et al., that is, even using the Harwerth
et al. 2010 map, the H-NLM R2cd values remain negative in our study as compared to the
reported values of R2cd=0.4 (both hemifields combined) in their study. Because the most
recently published parameters from the Wheat et al. 2012 study differ slightly from those
used in the Harwerth et al. 2010 study, the data were reanalyzed using the parameters
from the Harwerth et al. 2010 study (see Table 2.1 for differences in the parameters
between these two studies). However, the performance of the H-NLM remained poor when
using the either the Garway-Heath et al. 2000 map (R2cd=-6.88 inferior hemifield, R2cd=-3.94
superior hemfield) or the Harwerth et al. 2010 map (R2cd=-6.15 inferior hemifield,
R2cd=-3.17 superior hemfield), though the values showed slight “improvement”.

13

i.e., maps other than the Garway-Heath et al. maps
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A possible explanation on theoretical grounds is that both datasets in the study by
Harwerth et al. contained patients with more advanced disease (the MD of the 24-2 visual
field was -6.74 dB for one of their datasets and -6.72 dB for the other, whereas it was -4.4
dB for our glaucomatous group). This can be empirically tested by including both controls
and ION patients for model evaluation in our dataset (thus expanding the range of the
structure-function relationship). To keep this comparison fair, fixed parameters14 from the
literature are used for the HK-LM. For the Garway-Heath et al. 2000 map, the results for the
HK-LM improve to R2cd=0.64 (inferior hemifield) and R2cd=0.52 (superior hemfield)
whereas the results for the H-NLM also “improved” but remained negative, with an
R2cd=-4.78 (inferior hemfield) and R2cd=-2.72 (superior hemifield). The values for the
H-NLM were similar when using the Wheat et al. 2012 map (R2cd=-3.23 inferior hemifield,
R2cd=-2.04 superior hemfield).
In fact, the only scenario in which positive R2cd values occurred for the H-NLM was
by using the parameters from the Harwerth et al. (2010) study, testing the entire range of
data (including controls and ION patients), and changing the slope parameter in Equation
(2.16) from 0.9 to the previous value of 0.95 in Equation (2.3). Under these circumstances,
using the Harwerth et al. 2010 map, the coefficient of determination values improved to
R2cd=0.15 (inferior hemifield) and R2cd=0.35 (superior hemfield). However, despite this
improvement, the R2cd values were still negative on the Garway-Heath et al. 2000 map
(R2cd=-0.66 inferior hemifield, R2cd=-0.09 superior hemfield). Note that Figure 2.4 predicts
an improvement in the H-NLM model by using the previous value of 0.95 in Equation (2.3)
instead of the more recently published values, though it is possible that the value of 0.9

14

fixed parameters for the signal and residual components (i.e., the slope and intercept)
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gave better agreement between estimated sensitivity-derived and structure-derived OCT
counts. Also, it is concerning that not only is the value of 0.9 in Equation (2.16) used in the
Harwerth et al. (2010) validation study, but it also used in two subsequent publications
from the same group and at least 5 more publications from other groups using the H-NLM,
including those using the H-NLM as a basis for further modelling. To date, no errata have
been published.
However, it is very important to note that merely using the value of 0.9 does not in
any way change the conclusions of this study. In fact, further improvements to the H-NLM
performance were made by removing the stage-dependent correction [and otherwise
keeping the best parameters for the H-NLM, such as 0.95 from Equation (2.3)]. This
resulted in an improved performance on the Garway-Heath et al. 2010 map (R2cd=-0.15
inferior hemifield, R2cd=0.16 superior hemfield), though at the cost of reduced performance
on the Harwerth et al. 2010 map and at the cost of increased disagreement between RGC
estimates (Figure 2.12). Given that the Garway-Heath et al. map is anatomically defensible,
this calls into question the justification for the stage-dependent correction as well as the
accuracy of the RGC estimates. Also, recall that for the entire range of data, using previously
published parameters based on tdOCT, the HK-LM performance was R2cd=0.64 (inferior
hemifield) and R2cd=0.52 (superior hemfield), considerably better than the best
performance of the H-NLM even after exploring different combinations of parameters.
Thus, the major issues regarding H-NLM performance raised here remain pertinent,
regardless of which parameters are used for the H-NLM. Furthermore, the relatively strong
performance of the HK-LM using parameters based on the tdOCT, as well as the general
agreement between tdOCT and fdOCT (Hood, Raza, et al., 2009), should preclude any
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arguments regarding the need for any additional parameter to adjust for the fdOCT, as has
been previously suggested (Harwerth et al., 2010).

Figure 2.12: Estimated RGC counts determined from VF (x-axis)
and OCT (y-axis) based on the Harwerth et al. model for controls
(green squares), glaucoma patients and suspects (black circles),
and ION patients (red squares) as in Figure 2.7A but without
stage-correction.

2.5.3

Recommendations and future directions

In particular, further modifications to the H-NLM should not take the form of an additional
parameter or a minor alteration. Rather, some of the fundamental assumptions of the
H-NLM need to be reconsidered. In general, the approach here has erred on the side of
conservative. For instance, we ignored the difference in the number of parameters between
the HK-LM and H-NLM, using the R2cd rather than the adjusted R2cd, which penalizes a
model for the complexity of additional parameters.15 However, future work should also
consider the relative complexity of each model when comparing their performance. We
have previously shown (Hood, Anderson, et al., 2009) that, given the variability inherent in

15

Recall that the H-NLM has more parameters than the HK-LM.
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each measure, it is difficult to assess the nature of the structure-function relationship, and
therefore the evidence for a more complex model should be compelling.
Moreover, it is probably advisable to separate the issue of estimating RGCs from
examining the structure-function relationship. While it is understandably attractive to be
able to express the structure-function relationship in terms of RGCs, particularly in regards
to glaucomatous changes, it possible to increase structure-function agreement while
decreasing the accuracy of RGC estimation. However, we do not mean to suggest that the
prior work by Harwerth et al. has not been worthwhile; among other advantages it has
certainly sharpened the debate in the field regarding the assumptions underlying
structure-function models. Nonetheless, particularly given the importance of the past work
done by Harwerth et al. using histology, moving forward, it would be nice to see a return to
such histological measures as a method of validating and further refining these RGC
estimates.
Likewise, we do mean to suggest that all work building on the H-NLM is invalid. For
instance, the general notion behind the Medeiros et al. combined structure-function index
(CSFI), which seems to be geared towards progression, is that the dynamic range is greater
for sensitivity loss when disease becomes severe. While it is important to keep in mind the
recent concerns raised by Gardiner et al. (Gardiner, Swanson, Goren, Mansberger, &
Demirel, 2014) regarding the accuracy of reported sensitivity losses beyond about 15 to 19
dB, certainly it seems plausible that the OCT may hit a noise floor before the visual field for
advanced disease. That said, the fact that models building on the H-NLM, such as CSFI, are
able to estimate RGC counts should not be used to argue that these models are inherently
better. Such models should be evaluated empirically and not treated as superior “because
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of” the use of an RGC estimate,16 particularly given the increased complexity of the model.
In fact, given the increased complexity, it may be worthwhile to explore the performance of
the CSFI without estimating RGCs to determine the extent of value-added. Certainly, more
work needs to be done before recommending the use of the CSFI in clinical trials,
particularly if part of the basis for that claim relies on the relationship of the CSFI to
estimated RGC counts.
However, other than the work regarding the CSFI by Medeiros et al., there have been
other publications that have used the H-NLM to estimate RGCs where it is difficult to argue
that the putative value-added is not tied closely to the validity of the RGC estimates. For
instance, the recent work of Marvasti et al. (2013) argues that the visual field index, used to
monitor progression, underestimates the amount of neural loss in glaucoma. In a similar
vein, Tatham et al. (2013a) argues that even relatively local RNFL defects can be associated
with large neuronal losses in glaucoma. Taken independently, it is certainly reasonable that
the visual field index may underestimate progression or that considerable neuronal loss
may be associated with early, local defects. However, it is difficult to disassociate the
impact of these studies from their claims regarding RGC estimates, and therefore the
importance of such studies is more closely tied to the validity of the H-NLM RGC estimates.
Finally, given the increasing potential of newer OCT technology, it may be possible
to estimate the number of RGCs directly from RGC thickness measurements. This may
provide a method of estimating RGCs with a considerably smaller set of assumptions.
Furthermore, independent of RGC estimates, further work is needed to develop a priori
predictive models that relate OCT-derived RGC thickness measurements to sensitivity.

16

Given the results shown here, perhaps they must perform well “in spite of” the use of an RGC estimate
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2.6

Summary

Here we examined the assumptions underlying an increasingly popular model in the
literature by Harwerth et al. that predicts the number of retinal ganglion cells from both
visual sensitivity and OCT-derived RNFL thickness measurements. Our results suggest that
some of the assumptions underlying the Harwerth et al. model should be reexamined as
under some conditions the predictions of this model differ noticeably from histological
data. We subsequently applied the Harwerth et al. model to a novel dataset and found that
it does not perform well in predicting the observations in our dataset, particularly when
compared to a simple linear model by Hood and Kardon. Thus, the approach of estimating
retinal ganglion cells and the resulting complexity of the Harwerth et al. model does not
appear to yield value-added when compared to the simpler approach of Hood and Kardon.
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A Novel Method for Estimating the Number
of Retinal Ganglion Cells in the Human
Retina

3.1

Abstract

Purpose: To develop and demonstrate a simple yet novel method for estimating the
number of retinal ganglion cells (RGCs) in the human retina using optical coherence
tomography (OCT) imaging. Methods: Swept-source (ss) OCT data and 10-2 visual fields
(VFs) were obtained from 43 eyes of 36 healthy controls and 50 eyes of 50 glaucoma
patients and suspects. Results: Using estimates of RGC density from the literature and a
few simple assumptions, estimates of the number of RGCs were obtained for the macula.
These estimates were related to VF sensitivity (ρ=0.27 to 0.50) and in general agreement
with prior estimates derived from histology. A prior method of estimating the number of
RGCs did not agree well with histological estimates. Conclusions. The novel method for
estimating RGCs described here appears to be more accurate than a previously published
method while relying on considerably fewer assumptions.

3.2

Introduction

Given that glaucoma is a disease of the retinal ganglion cells (RGCs), it is not surprising that
there is interest in relating visual sensitivity to estimates of the number of RGCs. Harwerth
et al. (2010) developed a model for estimating the number of RGC bodies based on visual
sensitivity and the number of RGC axons based on optical coherence tomography (OCT)
scans of the optic nerve. However, because this model uses information at the optic disc, it
must make assumptions about the relationship between the RGC axons and the location of
the corresponding RGC bodies in the form of a topographic map (as already discussed in
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detail in Chapter 2). In fairness, with a few notable exceptions (Ishikawa et al., 2005; Tan,
Li, Lu, Varma, & Huang, 2008), the vast majority of work using the older time-domain OCT
technology to study RGCs has been based on imaging of the optic disc as a proxy for RGC
axons. However, newer frequency-domain OCT technology allows for higher-resolution
imaging of the RGC layer within the macula [reviewed in (Wong, Chen, Shen, & Pasquale,
2012)]. In particular, the combined RGC layer and inner plexiform layer (IPL) thickness can
be obtained from volume scans covering approximately the central 10° of visual angle.
We have used this newer frequency-domain OCT technology to measure the
combined RGC and IPL thickness and also to relate this structural measurement to local
sensitivity loss in a group of glaucomatous eyes (Raza et al., 2011; Wang et al., 2009). This
work illustrated the need to correct for the displacement of RGC bodies near the fovea
(Raza et al., 2011) by making approximations based on the histological work of Drasdo et
al. (Drasdo, Millican, Katholi, & Curcio, 2007). As we were comparing local sensitivity at
many local regions within the central 10° (i.e., the 10-2 protocol), we used volume scans
instead of the higher-quality averaged line scans. However, given the quality of the fdOCT
volume scans at the time, the use of volume scans prevented us from separating the RGC
layer from the IPL with confidence and thus we took a conservative approach and simply
combined the two. We later found in a separate cohort of glaucomatous eyes with regions
of extremely high sensitivity loss (i.e., severe disease) that the thickness of the IPL changed
by a relatively smaller amount than the thickness of the RGC layer (Moura, Raza, Lazow, De
Moraes, & Hood, 2012). Thus, the ability to separate the two layers is important from the
standpoint of simplifying future evaluations of structure-function models as well as for
advancing our general understanding of glaucoma.
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Recently, the even more advanced swept-source OCT (ssOCT) technology, which has
a faster acquisition rate than even frequency-domain OCT, has become available. Thus, it is
now possible to separate the RGC layer from the IPL, even in volume scans, making it
possible to determine RGC layer thickness in the macula and to potentially estimate the
number of RGCs directly from a structural measurement. This technique would allow for a
much smaller set of assumptions than previous work, such as that of Harwerth et al.
(2010). In regards to clinical relevance, it remains to be seen if there is any added benefit in
estimating RGCs as opposed to simply using the RGC layer thickness directly. However, the
estimation of the number of RGCs creates the possibility of evaluating several previous
models of structure-function that relate visual sensitivity with the number, density, or
receptive field density of RGCs (Drasdo et al., 2008a; Garway-Heath, Caprioli, et al., 2000;
Harwerth et al., 2010; Pan et al., 2006; Swanson, 2004). [For an overview of these models
in the context of progression, see Gardiner, Demirel, Johnson, & Swanson (2011), and for a
general review, see Malik, Swanson, & Garway-Heath (2006) and also section 1.4.2 above].

3.2.1

Aims

Here, we demonstrate a simple yet novel method for estimating the number of RGCs in the
macula by directly using RGC layer thickness measurements from ssOCT along with
estimates of the density of RGCs based on the work of Curcio and Allen (1990) and
influenced by the work of Garway-Heath et al. (Garway-Heath, Caprioli, et al., 2000). We
also compare this technique to a commonly used method (Harwerth et al., 2010).
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3.3

Methods

3.3.1

Subjects

Data were collected from human subjects divided into two groups: 43 eyes of 36 healthy
controls (age = 53.8 ± 9.1 years [mean ± SD]) with normal vision and 50 eyes of 50
glaucoma patients and suspects (age = 54.1 ± 14.2 years [mean ± SD]) with mostly mild to
moderate vision loss.
Control eyes were included based on the following criteria: a normal clinical
examination (including a normal-appearing optic disc) and normal visual fields. A subset of
controls (7 eyes) did not have visual sensitivity data and were used as a separate group (as
explained in Results). Subjects were excluded if they had a history of ocular disease or a
family history of glaucoma. Controls were enrolled prospectively. The glaucomatous group
consisted of patients in which at least one eye exhibited glaucomatous optical neuropathy,
defined based on stereophotography evaluation by glaucoma specialists using the
following criteria: focal or diffuse neuroretinal rim thinning, focal or diffuse RNFL loss, or
an inter-eye vertical cup-to-disc ratio asymmetry >0.2 not explained by differences in disc
size. All eyes had open angles as viewed during gonioscopic examination. Consecutive
patients were enrolled prospectively. Patients with cataracts, a history of ocular surgery, or
a history of any other ocular or neurological diseases that could affect structural or
functional measures were excluded. For both groups, structural and functional measures
were required to be within 1 year of one another.
Written, informed consent was obtained from all of the participants. Procedures
followed the tenets of the Declaration of Helsinki, and the protocol was approved by the
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institutional review boards of Columbia University and the New York Eye and Ear
Infirmary.

3.3.2

Function: visual field sensitivity

All subjects were tested with standard automated perimetry [10-2 and 24-2; SITA Standard
(Budenz et al., 2002) protocol, Humphrey 750i Visual Field Analyzer, Carl Zeiss Meditec,
Inc., Dublin, CA]. Subjects were required to have fixation losses ≤ 33%, false negatives ≤
33%, and false positives ≤ 15%. The 24-2 test was only used for inclusion criteria for the
glaucomatous group (MD ≥ -6 dB). From the larger prospective dataset of glaucoma
patients and suspects, a subset was selected based on an inclusion criterion of at least one
TD sensitivity value ≤ -3 dB within the central 8° on the 10-2 VF. For the 10-2 test, the
mean ± SD of the visual field MD for the control group was -0.5 ± 1.1 dB and for the
glaucomatous group was -3.3 ± 1.9 dB.

3.3.3

Structure: swept-source optical coherence tomography

All subjects were also tested using ssOCT (Figure 3.1; DRI-OCT, Topcon Medical Systems,
Inc., Oakland, NJ) with the volume (cube) “widefield” scan protocol (9 mm by 12 mm, 256
horizontal B-scans with 512 A-scans each) with an internal fixation target between the
fovea and optic disc. Scans with poor fixation and blink artifacts were rejected. The
thickness of retinal layers was determined using a previously validated segmentation
algorithm (Yang et al., 2010), which was manually corrected as necessary (Hood, Cho, et al.,
2011; Raza et al., 2011) based on the performance of the automated algorithm. The manual
correction was done by individuals masked to the classification of each eye (i.e., healthy or
glaucomatous) and masked to the hypotheses of this study. In particular, the thickness of
the RGC layer was determined. The center of the fovea was determined by both horizontal
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and vertical cross-sections (B-scan and extracted “B-scan”) based on the location of the
peak of the inner-segment ellipsoids and the minimum thickness. Scans were then centered
by shifting the data based on the coordinates of the manually marked location of the foveal
center.

Figure 3.1: (A) The retinal ganglion cell (RGC) layer as obtained by
swept-source optical coherence tomography (ssOCT). (B) The
same as in (A) but without segmentation lines. (C) The image in
(B) modified by smoothing (Gaussian blur). (D) The image in (B)
modified with higher contrast. Together, (C) and (D) better
illustrate the separation between the retinal ganglion cell (RGC)
layer and inner plexiform layer (IPL) for those less familiar with
OCT imaging.

3.3.4

Data analysis and evaluation

All eyes are presented as right eyes. Details of the novel method for RGC estimation can be
found in the Results. Estimates of the number of RGCs for controls were also obtained using
the Harwerth et al. (2010) model, details of which can be found in Chapter 2 (section 2.3.4).
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Data were analyzed using custom code written in MATLAB (version 2014a, MathWorks,
Inc., Natick, MA).

3.4

Results

3.4.1

A novel method for estimating retinal ganglion cells

Here we describe a series of simple steps to convert RGC layer thickness to an estimated
number of RGCs. A notable portion of the contribution here is the measurements of the
thickness of the RGC layer independent of the IPL in volume scans. The segmentation of the
RGC layer can be seen in Figure 3.1A alongside the naked image in Figure 3.1B. While the
boundary between the RGC and IPL layer in Figure 3.1B should be obvious to those familiar
with interpreting OCT images,17 the altered images in Figure 3.1C (smoothing) and Figure
3.1D (increased contrast) illustrate the boundary more clearly. An automated algorithm
that we previously validated (Yang et al., 2010) uses a strategy employing a combination of
image modifications similar to those seen in Figure 3.1C and D. Moreover, for manual
corrections of the automated algorithm, it is possible, at the discretion of the user, to apply
smoothing options (spatial averaging across neighboring cross-sectional B-scans) and
change the contrast. Thus, a combination of the increased quality of the ssOCT, our use of a
previously validated high-performing automated algorithm, and our use of a previously
validated technique for manual segmentation together allow us to measure the RGC layer
thickness.

17

Perhaps less so if viewing a printed copy as opposed to a computer screen.
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Figure 3.2: (A) The retinal ganglion cell (RGC) density per unit area
extrapolated from histology (Curcio & Allen, 1990), (B) RGC layer
thickness derived from swept-source optical coherence
tomography (ssOCT) from the data in this study, and (C) RGC
density per unit volume based on (A) and (B).
Given a measure of RGC layer thickness, it is possible to directly estimate the
number of RGCs if the density of RGCs can be estimated. Although, the previously published
data of Curcio and Allen (1990) provide RGC density per unit area (RGCs/mm2), what is
needed is an estimate of RGC density per unit volume (RGCs/mm3). (Note that the Curcio
and Allen data do not provide the number of RGCs dissected by a particular histological
slice but rather the total number of RGCs per mm2 of the retina.) To obtain this estimate,
first, the RGC density data from Curcio and Allen (n=6) for the superior, inferior, temporal,
and nasal retina were digitized. Next, from these values, a 2-dimensional approximation of
RGC density (RGCs/mm2) was generated by linear interpolation in polar coordinates
(Figure 3.2A). This is similar to an approach used by Garway-Heath et al. [Figure 1A of
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(Garway-Heath, Caprioli, et al., 2000)]. Next, an estimate of the RGC layer thickness for
controls (Figure 3.2B) was obtained by averaging the values for the separate set of controls
(n=7) without sensitivity data within the central 10°. These values were similar to the
remaining controls, but here, for simplicity, this separate set was used rather than a
“leave-one-out” approach. To ensure that data were available for each subject, the data for
the RGC layer thickness (and consequently all other data shown here) are truncated
beyond a radius of about 2.8 mm from the foveal center. Both the RGC density per unit area
(RGCs/mm2) and RGC layer thickness (μm) were interpolated in 2-dimensions such that
each pixel represented 0.0001 mm2 of area on the retina, and the RGC layer thickness was
converted from μm to mm. Finally, the RGC density per unit area (RGCs/mm2) was divided
by RGC layer thickness in mm to yield an estimate of RGC density per unit volume
(RGCs/mm3) (Figure 3.2C). This “volumetric density map” can now be convolved with any
new RGC layer thickness measurement to yield an estimated number of RGCs, and thus
providing a direct estimation of the number of RGCs based on a local structural
measurement.
An example of estimated RGC counts for a control can be seen in Figure 3.3A. Note
that the number of estimated RGCs per pixel is based on the density of the sampling (each
pixel is 0.01 mm2 in the Figure 3.3). Another example of the estimated RGC counts, this
time for a glaucoma patient with clear focal loss in the inferior retina, is shown in Figure
3.3B.
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Figure 3.3: (A) An example of estimated retinal ganglion cell (RGC)
counts for a healthy control eye. (B) Another example for a
glaucomatous eye with focal damage in the inferior retina.

3.4.2

The estimated counts compared to the literature and
compared to the Harwerth et al. method

While the ideal validation of this novel method of estimating RGCs from ssOCT images will
require comparison to histology in the same individual, the range of estimates in the group
of controls, as well as the variability, can be compared to prior histological data in the
literature. In general, recall that the ssOCT data extend to a radius of about 2.8 mm
(roughly equivalent to the central 10° tested by the 10-2 test).18 Thus, the expected number
of RGCs for this region is approximately 32% of the total number of RGCs according to
18

Note, after about 3 mm the RGC layer rapidly becomes very thin, eventually becoming the thickness of only
one RGC.
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Curcio and Allen (1990). Therefore, the mean and standard deviation of 32% of the RGC
counts for both Curcio and Allen (1990) as well as the meta-analysis of the literature (as in
section 2.4.5 above) is compared in Figure 3.4 to the estimated RGC counts based on our
ssOCT method as well as to estimates based on the Harwerth et al. (2010) method using the
10-2 VFs this study. The estimated RGC counts from our method were similar to the
literature and closer to literature values than the Harwerth et al. (2010) method.

Figure 3.4: The mean (dot) and standard deviation (bars) of the
number of RGCs for healthy control eyes as obtained from the
histology literature and the current study (see legend).

3.4.3

The relationship between sensitivity and estimated number
of retinal ganglion cells

Next, the estimated number of RGCs was determined for each eye of the controls and
patients and compared to the averaged absolute sensitivity in linear (1/L) units for the
corresponding region. Figure 3.5 shows these data for the controls (open symbols) and
patients (filled symbols). The data were fairly orderly for the overall average (ρ=0.38,
p<0.001, Figure 3.5A) and as well as for the superior hemifield (ρ=0.50, p<0.001, Figure
3.5B) but less so for the inferior hemifield (ρ=0.27, p=0.012, Figure 3.5C). Qualitatively, the
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data appear approximately linear for the patients (filled symbols)19 when both measures
are expressed in linear units, though there is considerable variability. Note that there
appears to be a “residual” number of RGCs associated even with a relatively large degree of
sensitivity loss (see Discussion for details).

Figure 3.5: The average estimated number of retinal ganglion cells
(RGCs) and the average visual field sensitivity of the
corresponding region for both control eyes (open circles) and
glaucomatous eyes (closed black circles) for the (A) entire macula,
(B) superior hemifield (inferior macula), and (C) inferior hemifield
(superior macula). The center of each plot is based on the mean of
the control eyes on each axis.

3.5

Discussion

Here, a simple yet novel method of estimating the number of RGCs directly from RGC layer
thickness measurements was demonstrated. The mean and standard deviation of the RGC
estimates obtained showed better agreement with the histological data than those from the
Harwerth et al. model (Figure 3.4). In addition, these RGC estimates correlated fairly well
with estimates of visual sensitivity (Figure 3.5).
However, our data do not support the conclusion in one of most frequently-cited
publications in the field (Kerrigan-Baumrind et al., 2000) that the death of a large
19

Note that the Hood and Kardon model does not expect a linear relationship for the controls.
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percentage of RGCs precedes visual loss. For the overall average, 19 of the 50 glaucomatous
eyes were outside the normal limits (p≤0.05) of the healthy controls based on the OCT and
a similar number, 26, were outside normal limits based on the VF. (In fact, the data in the
Kerrigan-Baumrind et al. study do not support their conclusion, either, as discussed in
section 1.2). While here the estimated number of RGCs was averaged over relatively large
regions and compared to averaged sensitivity, the technique described in this study can be
used to determine local estimates of RGC counts, potentially allowing for the evaluation of
models that relate local RGC estimates to local sensitivity (discussed in section 1.4.2
above).
However, as is obvious from the data in Figure 3.5, any model evaluation is subject
to the large degree of variability in the data. Note that there is variability on both axes, and
the variability for the controls relative to the glaucomatous eyes is larger for visual
sensitivity than it is for the estimated RGC counts.20 That said, the standard deviation of the
RGC counts for the controls is a considerable 37,000 RGCs, though it is less than that seen
in the histology literature: a standard deviation of 65,000 RGCs for the Curio and Allen
(1990) study and 103,000 RGCs for the meta-analysis of the literature. Furthermore, when
using the Harwerth et al. method for estimating the number of RGCs for the same eyes in
this study, the standard deviation was 86,000 RGCs.
Previously, we focused on the extent to which the Hood and Kardon (2007) model
explains observed data after accounting for the variability in both measures (Hood,
Anderson, et al., 2009), and future work should consider structure-function models in the
context of the inherent variability in the data. Notably, Drasdo et al. (2008a) specifically
20

Also, there is more overlap between control and glaucomatous eyes for values of visual sensitivity than for
estimated RGC counts.
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mention the limitations of their model when applied to individual data due to the
variability, while on the opposite end of the spectrum, Harwerth et al. (2010) claim that
their model provides individualized RGC estimates. Given that the variability of the
OCT-derived structural measurements is considerably less than the variability of sensitivity
measurements (Hood, Anderson, et al., 2009),21 theoretically it is likely that any model that
predicts RGC counts from sensitivity for a given individual will perform worse than an
estimate of RGC based on structure, such as that shown here. This issue of VF variability
will be exacerbated further when using local VF sensitivities corresponding to individual
test locations as opposed to averaging sensitivity values over larger areas. Furthermore, by
directly estimating the RGCs based on local measurements of RGC layer thickness in the
macula, we avoid assumptions about the topographic relationship between RGC axons at
the disc and RGC bodies in the macula, a source of considerable variability (Denniss,
Turpin, Tanabe, Matsumoto, & McKendrick, 2014; Jansonius et al., 2009) and another
theoretical limiting factor for the currently published method of estimating RGC counts by
Harwerth et al. Finally, the RGC estimates for the Harwerth et al. method are notably higher
than the histology literature or our method based on ssOCT (Figure 3.4).
Admittedly, we made several simplifying assumptions in order to estimate the
number of RGCs. In particular, we assumed that RGC bodies are a large contribution to the
thickness of the RGC layer, that RGC density at a given eccentricity from the fovea is
relatively uniform in all three dimensions, and that there is no residual component of RGC
layer thickness associated with a high degree of visual sensitivity loss. While the first two
assumptions seem reasonable, the third assumption was made for simplicity. In reality, the
21

There are two sources of variability: inter-individual and intra-individual (i.e., repeatability). For the VF,
repeatability in particular is considerably worse than for OCT.
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“residual RGCs” observed in the data probably correspond to residual RGC layer thickness
comprised of amacrine cells, glial cells, and other non-neuronal components, which, when
convolved with the RGC density per unit volume (RGCs/mm3), yield a non-zero estimate of
RGCs. In the future, the estimate of RGC density per unit volume (RGCs/mm3) can be
adjusted to take into account this residual, for example, by first subtracting an estimate of
the residual RGC layer thickness before calculation and subsequently subtracting this
estimate of the residual before convolving density with RGC layer thickness obtained from
further eyes.
Also, we only studied the region within about 2.8 mm of the fovea. Because the RGC
layer becomes very thin in the periphery, it is likely that the loss of RGCs results in a change
in RGC density without a measureable corresponding change in RGC layer thickness,22
thereby preventing an accurate estimate of RGCs in the periphery. That said, a large
proportion of the RGCs can be found within 2.8 mm, and it is these RGCs that are associated
with the photoreceptors critical for high-acuity central vision. Moreover, there has recently
been a renewed interest in glaucomatous damage of the macula [reviewed in (Hood, Raza,
de Moraes, Liebmann, & Ritch, 2013)], which likely has a greater impact on quality of life.

3.6

Summary

Here, we describe a novel method for estimating the number of RGCs based on the
thickness of the RGC layer as measured by ssOCT, with a smaller set of assumptions than
previously published techniques. Whereas the value-added in terms of clinical relevance is
yet to be determined, estimating RGC number in this manner should improve the ability to
evaluate current structure-function models in the literature.
22

Currently limited by the resolution of the technology and thus may change in the future.
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4

Improving Identification of Glaucomatous
Changes in the Retina by Combining
Measures of Structure and Function: Using
Spatially Contiguous Clusters to Detect
Patterns of Damage23

4.1

Abstract

Purpose: To improve the detection of glaucomatous changes in the retina, techniques for
assessing local patterns of damage and for combining structure and function were
developed. Methods: Visual field (VF) and frequency-domain optical coherence
tomography (fdOCT) data, consisting of macular retinal ganglion cell plus inner plexiform
layer (mRGCIPL) as well as macular and optic disc retinal nerve fiber layer (mRNFL and
dRNFL) thicknesses, were collected from 52 eyes of 52 healthy controls and 156 eyes of 96
glaucoma suspects and patients. In addition to generating simple global metrics, VF and
fdOCT data were searched for contiguous clusters of abnormal points and converted to a
continuous metric (pcc). The pcc metric, along with simpler methods, was used to combine
the information from the VF and fdOCT. The performance of different methods was
assessed using the area under receiver operator characteristic curves (AROC scores).
Results: The pcc metric performed better than simple global measures for both the fdOCT
and VF. The best combined-structure metric (mRGCIPL&VF pcc, AROC = 0.868 ± 0.032) was
better (statistically significant) than the best metrics for independent measures of
structure and function. When VF was used as part of the inclusion and exclusion criteria,

23

A subset of the work shown here has previously been published as Raza A. S., Zhang X., De Moraes C. G.,
Reisman C. A., Liebmann J. M., Ritch R., and Hood D. C. (2014). Improving glaucoma detection using spatially
correspondent clusters of damage and by combining standard automated perimetry and optical coherence
tomography. Investigative Ophthalmology & Visual Science, 55(1), 612–24.
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AROC scores increased for all metrics, including the best combined structure-function
metric (AROC = 0.975 ± 0.014). Conclusions: A combined structure-function metric
improved the detection of glaucomatous eyes. Overall, the primary sources of value-added
for glaucoma detection stem from the continuous cluster search (the pcc), the mRGCIPL
data, and the combination of structure and function.

4.2

Introduction

Because of the progressive nature of the disease, early detection of glaucomatous damage
is one of the key objectives of the glaucoma specialist. However, despite the availability of
tests that yield quantitative structural and functional measures relevant to glaucoma, there
is currently no “gold standard” for diagnosis. In fact, even for a particular diagnostic test,
there is usually no universal consensus on what constitutes an abnormal result. For
example, a wide variety of criteria are used when interpreting the results from visual field
data obtained from visual field (VF), ranging from simple global metrics, such as mean
deviation (MD), to more local analyses, such as the glaucoma hemifield test (Asman & Heijl,
1992).
Along with other technologies, such as confocal scanning laser ophthalmoscopy and
scanning laser polarimetry, the introduction of time-domain optical coherence tomography
(tdOCT) (Huang et al., 1991) over two decades ago has allowed clinicians access to
non-invasive in vivo imagining of optic nerve tissue, yielding a quantitative measure of
structure in addition to the functional data already provided by the VF. The tdOCT
measures typically used for glaucoma detection are based on the circumpapillary retinal
nerve fiber layer (cpRNFL) thickness, which has performed reasonably well in separating
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groups of healthy controls from glaucoma suspects and patients [see (Chang & Budenz,
2008; Sharma et al., 2008) for reviews].
The subsequent development of frequency-domain OCT (fdOCT; also referred to as
Fourier- or spectral-domain OCT) (Wojtkowski et al., 2001) has allowed for faster,
higher-resolution imaging, but has further increased the complexity of the data available. A
fundamental question is how to make better use of these data. Though fdOCT has the
potential to significantly increase the performance of glaucoma detection as compared to
tdOCT, current studies have been underwhelming, suggesting performance similar to, or
only incrementally better than, tdOCT [see (Grewal & Tanna, 2013; Savini, Carbonelli, &
Barboni, 2011; Sung et al., 2011) for reviews]. A contributing factor for the apparent
similarity of fdOCT and tdOCT performance is that many of these studies, in order to
establish agreement with the tdOCT, limit their analyses of fdOCT data to cpRNFL thickness
measures, i.e., 1-dimensional circular scans rather than 2-dimensional optic disc RNFL
(dRNFL) thickness measures, which can be derived from volumetric scans.
One approach to make better use of the more complex fdOCT information is
machine learning, which has been fairly effective in separating healthy controls from
glaucoma suspects and patients using both VF and tdOCT [see (Bowd & Goldbaum, 2008)
for a review]. For example, a recent study reported an improvement in early glaucoma
detection by using fdOCT dRNFL thickness combined with machine learning as compared
to using thickness alone (Xu, Ishikawa, Wollstein, & Schuman, 2011). An alternative
approach for dealing with the complexity of fdOCT data is to try simpler, more intuitive
strategies, such as a topographic pointwise probability map as used in VF analysis (Hood &
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Raza, 2011). A prior study has suggested that measures derived from such a probability
map of the dRNFL may outperform the traditional cpRNFL measures (Leung et al., 2010).
Another approach is to use the 2-dimensional topographic information from the
fdOCT macular scan protocols. In fairness, reports of quantitative structural damage from
macular non-invasive imaging have predated the fdOCT [see (Sung et al., 2012) for
references], though most of these reports, with a few notable exceptions (Ishikawa et al.,
2005; Tan et al., 2008), have relied on macular total retinal (mTR) thickness measures.
Nonetheless, perhaps surprisingly, even using fdOCT data and increasingly sophisticated
segmentation algorithms to better distinguish the macular RNFL (mRNFL) and macular
retinal ganglion cell plus inner plexiform layer (mRGCIPL) from the combined macular
ganglion cell complex (mGCC; defined as mRNFL+mRGCIPL) has yielded diagnostic
performance that is, at best, equal or marginally better than cpRNFL [see (Hood et al.,
2013; Sung et al., 2012; Wong et al., 2012) for reviews; for use of mRGCIPL separate from
mGCC, see in particular (Kotowski et al., 2012; Mwanza et al., 2012; Takayama et al.,
2012)]. A more sophisticated approach, similar to the pattern deviation (PD) of VF, also
failed to perform better than average cpRNFL thickness (Tan et al., 2009).
Yet another technique employed is hemiretina asymmetry (HA) (Zeimer, Asrani,
Zou, Quigley, & Jampel, 1998), which is similar to the glaucoma hemifield test used in VF
analysis. HA analyses using tdOCT (Bagga, Greenfield, & Knighton, 2005) and fdOCT
(Asrani, Rosdahl, & Allingham, 2011; Um et al., 2012) did not show a marked improvement
over cpRNFL measures. One fdOCT study (Seo et al., 2012) argued for an improvement over
cpRNFL measures, but the glaucoma patient population included only localized RNFL
defects based on red-free fundus photos, so these results may not generalize to other
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populations. Notably, all of these fdOCT HA analyses used mTR measurements instead of a
subset of inner retinal layers.
Along with the need to better understand how to utilize the richer fdOCT dataset,
another fundamental question is the potential advantage of combining structural and
functional measures for the purpose of glaucoma detection. Previous studies have used
various strategies [e.g., simple logical rules (Hirashima et al., 2013; Shah et al., 2006; Tóth,
Kóthy, Vargha, & Holló, 2007), machine learning classifiers (Bizios, Heijl, & Bengtsson,
2011; Bowd et al., 2008; Brigatti, Hoffman, & Caprioli, 1996; Caprioli, 1992; Horn et al.,
2012; Horn, Nguyen, Mardin, & Junemann, 2003; Lauande-Pimentel et al., 2001; Mardin,
Peters, Horn, Jünemann, & Lausen, 2006; Racette et al., 2010; Vihanninjoki et al., 2000), or
a priori models (Boland & Quigley, 2011; Medeiros, Lisboa, Weinreb, Girkin, et al., 2012)] to
combine measures of visual function (e.g., static automated perimetry, short-wavelength
automated perimetry, and frequency-doubling technology perimetry) with measures of
structure (e.g., fundus photos, confocal scanning laser ophthalmoscopy, scanning laser
polarimetry, and OCT). These methods have yielded performance equal to or better than
methods using structural or functional measures alone.

4.2.1

Aims

In this study, we use fdOCT and VF data to assess various methods, including a novel
continuous cluster criterion, in an attempt to better classify individuals as either healthy or
glaucomatous. In particular, we combine the information from the VF and fdOCT data,
using both simple logical rules as well as a relatively simple a priori model that tests for
spatially correspondent patterns of damage. In addition, the aspects of these analyses that
yield the most value-added are discussed.
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4.3

Methods

4.3.1

Subjects

The glaucomatous group (156 eyes of 96 patients, aged 55.7 ± 11.9 years) consisted of
patients in which at least one eye exhibited glaucomatous optical neuropathy, defined
based on stereophotography evaluation by glaucoma specialists using the following
criteria: focal or diffuse neuroretinal rim thinning, focal or diffuse RNFL loss, or an
inter-eye vertical cup-to-disc ratio asymmetry >0.2 not explained by differences in disc
size. All eyes had open angles as viewed during gonioscopic examination. When the fellow
eye had reliable test results, it was included, even if all the test results were normal.
Therefore, the glaucomatous group included eyes that were glaucoma “suspects” (based on
the fellow eye) without any other indication of glaucomatous damage. Moreover, to avoid
bias in evaluation of the classification ability of the VF data and to increase the number of
subtle cases included in the study, abnormal VF results were not part of the inclusion
criteria for the glaucoma group. Consecutive patients were enrolled retrospectively based
on availability of test data. Patients with cataracts, a history of ocular surgery, or a history
of any other ocular or neurological diseases that could affect structural or functional
measures were excluded.
The control subjects (52 eyes of 52 individuals, aged 52.7 ± 7.6 years) were included
based on the following criteria: spherical refraction between -6.0 and +3.0 diopters,
intraocular pressure ≤ 21 mmHg, axial length between 22 mm and 26 mm, and a normal
clinical examination. Subjects were excluded if they had a history of ocular disease or a
family history of glaucoma. Controls were part of a previous study (Hood et al., 2012).
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Normal VF results were not required for the control group. The characteristics of both
groups are summarized in Table 4.1.
Written, informed consent was obtained from all of the participants. Procedures
followed the tenets of the Declaration of Helsinki, and the protocol was approved by the
institutional review boards of Columbia University and the New York Eye and Ear
Infirmary.
Controls
52
52

Glaucoma
156
96

Significance (p)*

eyes
individuals
age (years)
MD (dB)
PSD (dB)

52.7 ± 7.6
-0.4 ± 1.2
1.5 ± 0.4

55.7 ± 11.9
-3.1 ± 3.7
3.2 ± 3.0

0.208
0.012
0.760

Table 4.1: Population Characteristics; *significance based on a
generalized estimating equation (GEE), accounting for inter-eye
correlations; abbreviations: mean deviation (MD), pattern
standard deviation (PSD), decibel (dB)

4.3.2

Function: visual field (VF) sensitivity

All subjects were tested with static automated perimetry [24-2 SITA Standard (Budenz et
al., 2002) protocol, Humphrey 750i Visual Field Analyzer; Carl Zeiss Meditec, Inc.; Dublin,
CA]. Subjects were required to have fixation losses ≤ 33%, false negatives ≤ 33%, and false
positives ≤ 15%. Other than reliability of the test, the VF was not used as an inclusion or
exclusion criteria. The mean deviation (MD) of the control group was -0.4 ± 1.2 dB and of
the glaucoma group was -3.1 ± 3.7 dB. The pattern standard deviation (PSD) of the control
group was 1.5 ± 0.4 dB and of the glaucoma group was 3.2 ± 3.0 dB. The Advanced Data
Export module (Carl Zeiss Meditec, Inc., Dublin, CA) was used to obtain the raw data in XML
format. To classify the subjects as either normal or glaucomatous, the significance level of
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the MD of the 24-2 was used as a baseline24 metric (pMD). The total deviation (TD) VF data,
converted to probability values based on the internal normative database of the machine,
were also analyzed for clusters of abnormal points (see 4.3.4 Spatially contiguous cluster
analysis, below).

4.3.3

Structure: frequency-domain optical coherence tomography

All subjects were also tested using fdOCT (3D-OCT 1000/2000, Topcon Medical Systems,
Inc., Oakland, NJ) with the volume (cube) scan protocol (6 mm by 6 mm, 128 horizontal
B-scans with 512 A-scans each, see Figure 4.1A) with both macular and optic disc fixation
targets. Scans with poor fixation (as indicated by poor B-scan alignment or by grossly
off-center scans) and blink artifacts (as indicated by missing B-scans) were rejected. The
thickness of retinal layers was determined using a previously validated segmentation
algorithm (Yang et al., 2010), which was manually corrected as necessary (Raza et al.,
2011) (see Figure 4.1B) based on the performance of the automated algorithm. The manual
correction was done by individuals masked to the classification of each eye (i.e., healthy or
glaucomatous) and masked to the hypotheses of this study. In particular, the thickness of
the retinal nerve fiber layer (RNFL) and the combined retinal ganglion cell plus inner
plexiform layer (RGCIPL) was determined for the macular and disc scans (see Figure
4.1B-D). Because the RGCIPL is quite thin near the disc, only the macular RGCIPL and RNFL
(mRGCIPL and mRNFL) and optic disc RNFL (dRNFL) were analyzed (Figure 4.1D).

24

Throughout this chapter, “baseline” is meant to indicate a relatively simple method that, by way of
comparison, isolates the value-added of the more complex methods.
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Figure 4.1: Measurements from frequency-domain optical
coherence tomography (fdOCT). (A) Fundus photo with an en face
fdOCT (C-face) intensity image superimposed within blue square.
(B) The central slice through the macula of the fdOCT image
(B-scan) corresponding to the horizontal green line in panel A.
Superimposed green lines mark the boundary between
anatomical layers. The thicknesses of the retinal nerve fiber layer
(RNFL) and retinal ganglion cell plus inner plexiform layer (RGCIPL)
are shown with yellow vertical bars. The white vertical calibration
bar represents 100 microns. (C) The three-dimensional macular
RGCIPL thickness (left) and a top-down view (right) with thickness
represented in pseudo-color. (D) The macular RGCIPL
superimposed on a fundus photo (left) and the macular and disc
RNFL superimposed on a fundus photo (right).
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The mean thickness of the circumpapillary RNFL (cpRNFL), converted to probability
(pMT), was used as a baseline metric for classifying the subjects as either normal or
glaucomatous. (The cpRNFL, extracted from the volume scan, was based on a circle,
centered at the optic nerve head, with a diameter of 3.4 mm and was therefore analogous
to the 1-dimensional RNFL circle scan obtained from a tdOCT machine.) The mean
thickness of a layer over the entire 2-dimensional cube scan, converted to pMT, was also
used as a baseline metric. The thickness data were also converted to point-by-point
probability values as previously described (Hood & Raza, 2011) (see Figure 4.2A,B for a
control and Figure 4.2C for a patient) and clusters of abnormal data points were
determined (see 4.3.4 Spatially contiguous cluster analysis, below). For ease of comparison,
the fdOCT data are presented in field view from Figure 4.2 onwards. In addition, the layer
thicknesses were normalized in a manner similar to the pattern deviation (PD) analysis of
VF (by dividing the thickness values based on the 85th percentile of thickness within a
scan), and the hemiretina asymmetry (HA) across the horizontal midline was assessed by
taking the difference between the superior and inferior retinal thicknesses. Both PD and HA
values were also converted to probability values based on controls and were analyzed for
clusters of abnormal points. Note that, unlike the thickness probability values, the
probability values for the PD and HA were two-tailed because both low and high values
suggested abnormalities.
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Figure 4.2: Measurements from frequency-domain optical
coherence tomography (fdOCT) and the visual field (VF) converted
to probability values. (A) The macular retinal ganglion cell plus
inner plexiform layer (mRGCIPL) as well as the macular and disc
retinal nerve fiber layer (mRNFL and dRNFL) thicknesses for a
healthy control eye (left three panels). The 24-2 VF total deviation
values for the same eye (right panel). (B) The data in panel A
converted to probability values. (C) Data from a glaucomatous eye
in the same format as panel B.

4.3.4

Spatially contiguous cluster analysis

Both VF and fdOCT data were analyzed for the presence of clusters of abnormal points that
respected the horizontal midline. As a baseline metric, the common 5-5-1 cluster criterion
was used, requiring a contiguous set of three or more points, all of which were significant
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at p≤0.05, with at least one significant at p≤0.01 (Katz, Sommer, Gaasterland, & Anderson,
1991). For instance, Figure 4.3A shows a 24-2 VF with an example of a 5-5-1 cluster (blue
squares). (Note that there are many possible 5-5-1 clusters, but only one is indicated.)
For the fdOCT, the data were first downsampled from 128 by 512 pixels to a 16 by
16 grid and then this reduced dataset was converted from thickness to probability values
(see Figure 4.3B). Next, a region of interest (ROI) was determined a priori for each fixation
and thickness combination (see Figure 4.3C) based on exclusion of regions that were
relatively thin (e.g., fovea or raphe) or regions that were near the edge (1 pixel border) of
the scan (Hood et al., 2012, 2013). Data outside the ROI were ignored for cluster evaluation
(e.g., smaller squares in Figure 4.3B, at the center and edges, corresponding to the black
regions in Figure 4.3C, indicate data ignored when evaluating clusters). Figure 4.4 shows
the complete set of downsampled fdOCT data for the patient in Figure 4.2C, including
thickness probabilities (Figure 4.4A), the PD analysis (Figure 4.4B), and the HA analysis
(Figure 4.4C).
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Figure 4.3: Cluster analysis and regions of interest (ROIs). (A) The
24-2 visual field (VF) data as in Fig. 2C with a set of points meeting
the 5-5-1 cluster criterion outlined by light blue boxes. (B)
Probability values from macular retinal ganglion cell plus inner
plexiform layer (mRGCIPL) thickness data downsampled into a 16
by 16 grid. Data are from the same eye shown in Figure 4.2C. The
small squares indicate values outside the region of interest. White
squares indicate missing data (which often occurs at scan edges
after centering the scan). A set of points meeting the 5-5-1 cluster
criterion is outlined by light blue boxes. (C) The ROIs shown in
white for the mRGCIPL as well as the macular and disc retinal
nerve fiber layer (mRNFL and dRNFL) data. The dRNFL is offset
from the mRNFL data based on anatomy (Hood et al., 2012, 2013)
as shown in Figure 4.1D.
In addition to the 5-5-1 cluster criterion, a novel continuous cluster metric was
used. Unlike the 5-5-1, which returned a binary (yes/no) value for each hemifield or
hemiretina based on whether or not a cluster was found, the continuous cluster metric
returned a continuous value (pcc). This value is related to the probability of observing a
particular cluster of points. Similar to the 5-5-1, the pcc required a contiguous set of points,
all of which were significant at p≤0.05 (the threshold probability). However, the pcc metric
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also considered the number of contiguous points as well as the actual probabilities of these
points.
For the fdOCT, the continuous cluster metric generated the pcc value by first
assessing, through computer simulation, the probability of observing a set of n contiguous
points in a 16 by 16 grid of points (equivalent to the downsampled fdOCT), where the set of
points respected the previously defined ROIs and was contained entirely within one
hemiretina. For computational simplicity, the maximum tested value for n was 6. Note that
the simulation was based on a randomly generated grid of 16 by 16 points and ignored any
correlation between the points, which does exist in fdOCT from healthy controls. Thus, this
value should not be thought of as a true probability of observation, but rather as a
quantitative metric of convenience that ranks the relative probability. To further
distinguish between the probabilities of different clusters of points, particularly when the
number of points n is the same, the probability of the lowest observed p value in the set
was also taken into account when determining pcc by using a separate set of computer
simulations. Thus, for each hemiretina, the value of pcc was assigned by multiplying the
simulation-determined probability value that was based on the largest number of n
contiguous points found by the simulation-determined probability value that was based on
the lowest observed p value in that set. [If no contiguous set of abnormal points was found
(i.e., n=1), then pcc was defined based on the point within the ROI with the lowest
probability value, also adjusted based on computer simulations.] For the VF, the pcc metric
was determined in the same manner, though the values of pcc were based on the set of 24-2
VF points rather than a 16 by 16 grid, requiring a separate set of computer simulations.
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4.3.5

Combining structure and function

While there are several reasonable ways to combine structural and functional measures,
the analysis here was confined to using the pcc metric in a very simple manner. First,
structure and function were “combined” by simply multiplying the pcc of the inferior or
superior retinal mRGCIPL with the pcc of the correspondent hemifield of the VF. Then, a
metric combining the mRGCIPL and VF (mRGCIPL&VF pcc) was defined as the minimum
value of the two hemifields. Finally, a more generic combination of fdOCT and VF data
(fdOCT&VF pcc), utilizing both the mRGCIPL and dRNFL, was defined as the minimum of the
mRGCIPL&VF pcc and dRNFL&VF pcc. To separate the effect of using the pcc metric from the
combination of structure and function, a “baseline” metric for combining structure and
function (fdOCT&VF pMT/MD), based on the mean thickness of the OCT and the MD of the
visual field, was defined as the minimum of the mRGCIPL pMT, the dRNFL pMT, and the VF
pMD.

4.3.6

Data analysis and evaluation

Data were analyzed using custom code written in MATLAB (version 2012a, MathWorks,
Inc., Natick, MA). For cluster simulations, cloud-based computing resources were utilized
(EC2 Elastic Compute Cloud, Amazon.com, Inc., Seattle, WA). A generalized estimating
equation (GEE) approach, which accounts for inter-eye correlations, was used to compare
means among groups (as in Table 4.1). When calculating thickness probability in any of the
fdOCT metrics, the control group was also used as the normative database. However, to
prevent a bias in the reported specificity, a “leave-one-out” approach was used when
analyzing the control group. To evaluate the classification of subjects as either normal or
glaucomatous, areas under receiver operator characteristic curves (AROC scores) were
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determined. An AROC score of 1 represents perfect discrimination of the two groups, while
an AROC of 0.5 indicates performance no better than chance. Standard error (SE) of AROC
scores and statistical tests between AROC scores of different classification metrics were
performed (as in Table 4.2 and Table 4.3) according to the method of Obuchowski (1997).
This method is based on a nonparametric method (DeLong, DeLong, & Clarke-Pearson,
1988) but also adjusts for inter-eye correlations. [This approach has been used in previous
studies using similar data (Tan et al., 2009).] Sensitivity at an arbitrary fixed specificity
value of ≥ 85% was also determined. An α level of 0.05 was used to determine statistical
significance.

4.4

Results

4.4.1

Evaluation of structure and function independently

The performance of the metrics in classifying subjects as either controls or glaucomatous
was evaluated using AROC scores (see Table 4.2), though the sensitivity at an arbitrary
fixed specificity of ≥ 85% is also provided for context. First, consider only the VF data. An
example of a clearly abnormal 24-2 VF, with an MD of -6.74 dB, is shown in Figure 4.4A
(right panel). Using only the baseline metric of VF pMD yielded an AROC of 0.768 ± 0.029.
The 5-5-1 cluster criterion was applied to the VF data and resulted in a similar AROC score
(0.760 ± 0.030). The continuous cluster criterion, pcc, yielded a slightly higher AROC of
0.797 ± 0.034 and a greater sensitivity of 72% (versus 62% for VF pMD). The difference in
the AROC scores between the VF pcc cluster criterion and the VF p5-5-1 cluster criterion was
statistically significant (p=0.018), though the difference between the VF pcc and VF pMD was
not (p=0.063).
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Figure 4.4: Sample data from a glaucomatous eye. (A) The
downsampled macular retinal ganglion cell plus inner plexiform
layer (mRGCIPL), macular retinal nerve fiber layer (mRNFL), and
disc RNFL (dRNFL) frequency-domain optical coherence
tomography (fdOCT) data as well as the 24-2 visual field (VF) data
from the same glaucomatous eye shown in Figure 4.2C. The white
squares near the center of the dRNFL data represent data missing
due to the optic disc. (B) The fdOCT data after the pattern
deviation (PD) analysis in a similar format as panel A. (C) The
fdOCT data after the hemiretina asymmetry (HA) analysis in a
similar format as panel A.
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Metric
VF Alone
VF pMD
VF p5-5-1
VF pcc

AROC ± SE*

% SN at ≥ 85% SP

0.768 ± 0.029
0.760 ± 0.030
0.797 ± 0.034

62
62
72

fdOCT Alone
cpRNFL pMT

0.718 ± 0.041

56

mRGCIPL pMT
mRGCIPL p5-5-1
mRGCIPL pcc
mRGCIPL (PD) pcc
mRGCIPL (HA) pcc

0.775 ± 0.038
0.758 ± 0.034
0.818 ± 0.035
0.644 ± 0.046
0.676 ± 0.043

56
59
62
34
37

dRNFL pMT
dRNFL p5-5-1
dRNFL pcc
dRNFL (PD) pcc
dRNFL (HA) pcc

0.724 ± 0.041
0.681 ± 0.034
0.739 ± 0.037
0.619 ± 0.043
0.520 ± 0.043

56
31
49
38
24

fdOCT & VF Combined
mRGCIPL&VF pcc
fdOCT&VF pcc

0.868 ± 0.032
0.859 ± 0.032

78
78

fdOCT&VF pMT/MD

0.831 ± 0.034

62

Table 4.2: Performance of Classification Metrics; *standard error
based on the method of Obuchowski (1997), accounting for
inter-eye correlations; abbreviations: area under receiver
operator characteristic curve (AROC), standard error (SE),
sensitivity (SN), specificity (SP), visual field (VF), frequency-domain
optical coherence tomography (fdOCT), circumpapillary retinal
nerve fiber layer (cpRNFL), macular retinal ganglion cell plus inner
plexiform layer (mRGCIPL), disc retinal nerve fiber layer (dRNFL),
probability of mean deviation (pMD), probability of mean thickness
(pMT), 5-5-1 cluster criterion (p5-5-1), continuous cluster criterion
(pcc), pattern deviation analysis (PD), hemiretina asymmetry
analysis (HA)
Consider next the fdOCT data alone. Figure 4.4A shows an example of mRGCIPL,
mRNFL, and dRNFL data from a patient with clear glaucomatous damage. In general, the
mRNFL data performed slightly worse than either the mRGCIPL or the dRNFL, so for the
sake of simplicity, the mRNFL data have been omitted from the quantitative results (e.g.,
Table 4.2); however, when considering an individual subject, as in Figure 4.4, the data are
still shown for context. The performance of the baseline metrics of mean circumpapillary

122

4.4 Results

RNFL thickness and mean optic disc volume RNFL thickness yielded AROC scores lower
than those for the MD of the VF (cpRNFL pMT AROC = 0.718 ± 0.041 and dRNFL pMT = 0.724
± 0.041, as compared to VF pMD 0.768 ± 0.029), while the AROC score of the mRGCIPL pMT
(0.775 ± 0.038) was higher than the VF pMD. However, none of these differences were
statistically significant.
Perhaps surprisingly, the PD and HA analyses (see Figure 4.4B,C for an example),
which are similar in concept to the pattern deviation and glaucoma hemifield test analyses
commonly used with the VF, performed worse than the mRGCIPL pMT and the dRNFL pMT,
which were baseline global metrics based only on mean thicknesses (see Table 4.2 for
AROC scores). Furthermore, while the dRNFL pcc (AROC = 0.739 ± 0.037) performed better
than the dRNFL pMT, the sensitivity at 85% specificity was worse and the difference in
AROC scores was not statistically significant (p=0.312). However, the mRGCIPL pcc (AROC =
0.818 ± 0.035) did perform better than the mRGCIPL pMT (p=0.040), with a greater
sensitivity of 62% (versus 56% for mRGCIPL pMT).
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Figure 4.5: Receiver operator characteristic (ROC) curves for
various metrics. (A) ROC curves for the entire population. (B) ROC
curves for a subpopulation where VF was used as inclusion and
exclusion
criteria.
Abbreviations:
visual
field
(VF),
frequency-domain optical coherence tomography (fdOCT),
macular retinal ganglion cell plus inner plexiform layer (mRGCIPL),
circumpapillary retinal nerve fiber layer (cpRNFL), continuous
cluster criterion (pcc), probability of mean deviation (pMD),
probability of mean thickness (pMT)

4.4.2

Evaluation of combined structure and function

The performance of the best fdOCT global metric, mRGCIPL pMT, was similar to the VF
global metric, VF pMD. Likewise, the performance of the overall best fdOCT metric, mRGCIPL
pcc, was similar to the best VF metric, VF pcc. To assess the value-added from combining
structure and function, we incorporated the best structural and functional metrics (the pcc
metric for both mRGCIPL and VF) into a single metric, mRGCIPL&VF pcc. This combined
structure-function technique yielded an AROC of 0.868 ± 0.032. We then compared the
performance of this metric to the baseline (global) and pcc (local patterns) metrics of
structure and function considered independently (Table 4.3). As shown in Figure 4.5A, the
mRGCIPL&VF pcc had a significantly higher AROC than the VF pMD (p<0.001) and the VF pcc
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metrics (p=0.003) as well as the cpRNFL pMT (p<0.001), mRGCIPL pMT (p=0.001), and
mRGCIPL pcc metrics (p=0.005).
Entire Population (n = 52 control eyes, 156 glaucoma/suspect eyes)
Metric
AROC ± SE*
Compared Metric
mRGCIPL&VF pcc
0.868 ± 0.032
VF pMD
VF pcc
cpRNFL pMT
mRGCIPL pMT
mRGCIPL pcc
fdOCT&VF pMT/MD

AROC ± SE*
0.768 ± 0.029
0.797 ± 0.034
0.718 ± 0.041
0.775 ± 0.038
0.818 ± 0.035
0.831 ± 0.034

Significance (p)*
<0.001
0.003
<0.001
0.001
0.005
0.038

VF (PSD) Used as Inclusion and Exclusion Criteria (n = 49 control eyes, 73 glaucoma/suspect eyes)
Metric
AROC ± SE*
Compared Metric
AROC ± SE*
Significance (p)*
mRGCIPL&VF pcc
0.975 ± 0.014
VF pMD
0.897 ± 0.026
<0.001
VF pcc
0.942 ± 0.024
0.066
cpRNFL pMT
0.809 ± 0.045
<0.001
mRGCIPL pMT
0.867 ± 0.034
<0.001
mRGCIPL pcc
0.922 ± 0.025
0.004
fdOCT&VF pMT/MD
0.931 ± 0.025
0.003

Table 4.3: Comparison of Classification Metrics; *significance and
standard error based on the method of Obuchowski (1997),
accounting for inter-eye correlations; abbreviations: area under
receiver operator characteristic curve (AROC), standard error (SE),
visual field (VF), frequency-domain optical coherence tomography
(fdOCT), circumpapillary retinal nerve fiber layer (cpRNFL),
macular retinal ganglion cell plus inner plexiform layer (mRGCIPL),
disc retinal nerve fiber layer (dRNFL), probability of mean
deviation (pMD), probability of mean thickness (pMT), continuous
cluster criterion (pcc), pattern deviation analysis (PD), hemiretina
asymmetry analysis (HA)
However, because our combined structure-function metric relies on the continuous
cluster method, we wanted to determine to what extent the higher AROC of the combined
structure-function metric could be explained by merely by using both fdOCT and VF data,
independent of the pcc metric. Therefore, we tested a structure-function “baseline” metric
based on the minimum of the VF pMD, mRGCIPL pMT, and dRNFL pMT; this “baseline” method
(fdOCT&VF pMT/MD) can be thought of as classifying a subject as abnormal if either structure
or function is abnormal (simple logical rules on global measures), without testing for subtle
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patterns (as with the pcc) and without combining the structural and functional information
in a weighted and spatially correspondent manner (see Methods for details of the
mRGCIPL&VF pcc). When we compared the mRGCIPL&VF pcc AROC (0.868 ± 0.032) to the
fdOCT&VF pMT/MD AROC (0.831 ± 0.034), the results were better (p=0.038) than the
“baseline” structure-function metric (Figure 4.5A).

4.4.3

Evaluation of a subpopulation selected based on VF

VF was not used as inclusion or exclusion criteria for the control or glaucomatous groups to
avoid biasing the AROC scores in favor of VF-based metrics and, more importantly, to allow
for inclusion of subtle cases. However, to allow for a comparison to studies that use VF as
inclusion criteria, we analyzed a subpopulation where a VF criterion (PSD p≤0.05) was
used as exclusion criteria for the control group and inclusion criteria for the glaucoma
group. As expected, the AROC scores increased for each metric, with the mRGCIPL&VF pcc
metric now yielding an AROC of 0.975 ± 0.014. The mRGCIPL&VF pcc metric performed
significantly (p<0.001 to p=0.004) better than all the other methods that were previously
tested on the full population (see Table 4.3 and Figure 4.5B), with the exception of the VF
pcc metric (p=0.066), not surprising given that this subpopulation was defined based on VF.
For structural measurements considered independently, the pcc metric performed better
than the pMT metric for the mRGCIPL, mRNFL, and dRNFL, though this difference was
statistically significant only for the mRGCIPL (p=0.005) and mRNFL (p=0.012). For
functional measures considered independently, the VF pcc metric performed better than the
VF pMD metric (p=0.019).
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4.5

Discussion

Our purpose here was to combine structural and functional data, to make better use of the
individual OCT and VF measures, and to assist with glaucoma detection. We found that
combining structure and function by taking into consideration spatially correspondent
patterns of damage improved the proper classification of the control and glaucomatous
groups. In general, the techniques used in this study improved the diagnostic capabilities of
the fdOCT and VF data in two steps. First, we considered structural and functional
measures independently by utilizing a novel technique that searches for many different
types of spatially contiguous clusters of abnormal points and then converts the result into a
single, continuous value (i.e., the pcc metric). Next, we combined the structural and
functional information in a spatially correspondent manner. Both steps offer value-added,
although in different ways, as discussed below.

Figure 4.6: Example of an eye, belonging to the glaucomatous
group, with a subtle arcuate defect in the macula. Data are in the
same form as shown in Figure 4.4A; abbreviations: macular retinal
ganglion cell plus inner plexiform layer (mRGCIPL), macular and
disc retinal nerve fiber layer (mRNFL and dRNFL), visual field (VF)

4.5.1

Evaluation of structure and function independently

The continuous cluster (pcc) metric has theoretical advantages when compared to similar
techniques used in the past. When evaluating VF data, the common cluster criterion of
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three contiguous points significantly abnormal at p≤0.05, with at least one point significant
at p≤0.01 (i.e., the 5-5-1 cluster criterion), has been shown to offer classification
performance that is on par with or better than other commonly used VF metrics (Katz et al.,
1991). However, this criterion yields a binary response (whether or not a cluster is found)
rather than a continuous metric and, at times, this rule can seem arbitrary. For instance, the
5-5-1 criterion does not consider the number of contiguous points nor the actual
probabilities. As long as there are three or more contiguous points significant at p≤0.05, the
5-5-1 does not distinguish between, for example, three contiguous points versus six
contiguous points, even though the latter is much less likely to be observed due to chance
alone. Thus, a set of six contiguous points at p=0.02 would not meet the 5-5-1 criterion
(because not a single point has p≤0.01), despite being less probable than three contiguous
points with two points at p=0.05 and one point at p=0.01. Likewise, the 5-5-1 criterion
treats two points at p=0.05 and one point at p=0.01 the same as three points at p<0.001,
even though, again, the latter is much less likely.
Our use of the pcc metric does involve some assumptions. For the fdOCT data, the
appearance of abnormal points may be correlated (i.e., spatially clustered) in controls due
to interindividual variability. For example, if a control has a RNFL distribution at the optic
disc that differs from most other controls, a pattern of contiguous abnormal points may
appear. One way to address this issue is the use of “superpixels” to group correlated areas
(Xu et al., 2011). Another approach is to better understand factors leading to
interindividual variability among controls and to attempt to correct or control for these
underlying factors in the fdOCT data. In this study, we simply take the pcc metric applied to
the fdOCT data as an approximate “score” that ranks relative probabilities of observing

128

4.5 Discussion

clusters of abnormal points. Because the metric yields continuous values, an ROC curve can
be generated by varying the threshold for considering a pcc value as abnormal, which yields
an empirical result for the optimal value in our population (without making any
assumptions regarding the true probabilities of observing particular clusters of abnormal
points in the fdOCT data). In the future, an independent study with a larger number of
controls or a more advanced simulation might yield a better understanding of how the pcc
metric relates to true probabilities of observation in the fdOCT data. In any case,
empirically, the pcc metric performs better than the other methods tested in this study.
A specific example illustrating the advantage of the pcc metric when applied to
fdOCT data can be seen in Figure 4.6. The average thickness of the mRGCIPL for this eye lies
near the 32nd percentile for the eyes in the control group. While the mRGCIPL pMT classifies
this eye as a control when using the optimal point of the ROC curve, the mRGCIPL pcc metric
classifies this eye as glaucomatous. Surprisingly, the PD and HA analyses did not perform
very well overall. [It is important to realize that the focal loss volume metric (Tan et al.,
2009), though it makes use of a pattern deviation analysis for the mGCC, is implemented
differently than the PD method tested here. For details, see (Tan et al., 2008).] Certainly,
there are some specific cases where these strategies would be helpful. For instance, Figure
4.7A shows a control mRGCIPL that had considerably fewer abnormal points once the PD
analysis was applied. Similarly, Figure 4.7B shows the mRNFL of a patient (same eye as
Figure 4.6) where the abnormal points within an arcuate became more statistically
significant when using the HA analysis. However, overall, these strategies did not offer
much value-added beyond mean thickness. It is possible that the PD analysis removed
some diffuse thinning that assisted with classifying the glaucomatous eyes when using
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mean thickness. Similarly, it is possible that symmetric damage was removed when using
the HA analysis. It is also possible that in most cases the defects enhanced by the HA
technique would already be detected using analyses based on mean thickness. In other
words, perhaps early glaucomatous damage in the macula is always either diffuse
(symmetric across the horizontal midline) or focal damage in the form of a deep, thin
arcuate (as in Figure 4.6). If true, then the HA technique would not offer much of an
advantage in either of these cases. Notably, recent studies (Asrani et al., 2011; Seo et al.,
2012; Um et al., 2012) using an HA strategy in fdOCT do not offer comparisons to the
performance of macular measurements based simply on mean thickness. In any case, it is
clear that there are some advantages to the PD and HA strategies on a case-by-case basis
(as seen in Figure 4.7).
Whereas our use of the mRGCIPL thickness distinguishes our study from previous
reports combining structure and function, recent studies (Kotowski et al., 2012; Mwanza et
al., 2012; Takayama et al., 2012) have also considered the diagnostic value of the mRGCIPL
(separate from the mGCC) when considering structure alone. In particular, Mwanza et al.
(2012) and Takayama et al. (2012) have used a “minimum spoke” approach to analyzing
the mRGCIPL. While minimum probability values performed worse than the pcc metric in
our study (data not shown), the “minimum spoke” approach is more complex than the
analysis we used, so it is difficult to make a meaningful comparison. Further work would be
needed to compare these methods in a fair manner. In any case, the pcc metric is a more
general approach that can be applied to the thickness of any layer at various regions of the
retina, while the “minimum spoke” approach is probably most applicable to mRGCIPL
thickness.
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Prior studies considering the diagnostic power of the macular region in fdOCT have
almost always found performance similar to cpRNFL or dRNFL [see (Sung et al., 2012;
Wong et al., 2012) for reviews]. However, in our study, the best mRGCIPL parameter
performed considerably better than cpRNFL or the best dRNFL parameter. The reason for
this discrepancy is not entirely clear; it may be due to population differences or other
factors. Regardless, while our population may include more glaucomatous individuals with
central defects than in other studies, the lack of a large source of bias suggests that a fair
number of these individuals do exist and would therefore benefit from better analysis of
the macular fdOCT data.

Figure 4.7: Examples of pattern deviation analysis (PD) and
hemiretina asymmetry analysis (HA) analyses. (A) The macular
retinal ganglion cell plus inner plexiform layer (mRGCIPL)
probability values based on thickness (left) and the PD analysis
(right) for an eye belonging to the healthy control group. (B) The
macular retinal nerve fiber layer (mRNFL) probability values based
on thickness (left) and the HA analysis (right) for an eye belonging
to the glaucomatous group. Same eye as shown in Figure 4.6.
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4.5.2

Evaluation of combined structure and function

Combining structure and function yielded an improvement beyond using structural and
functional measures independently, in agreement with many of the previous studies
combining structure and function to aid in glaucoma detection (Bizios et al., 2011; Boland
& Quigley, 2011; Bowd et al., 2008; Brigatti et al., 1996; Caprioli, 1992; Hirashima et al.,
2013; Horn et al., 2012, 2003; Lauande-Pimentel et al., 2001; Mardin et al., 2006; Medeiros,
Lisboa, Weinreb, Girkin, et al., 2012; Racette et al., 2010; Shah et al., 2006; Tóth et al., 2007;
Vihanninjoki et al., 2000). While some of these studies have evaluated the benefit of
combining structure and function in comparison to simple independent measures, such as
the average cpRNFL thickness, here we followed the logic of those studies that tested the
combined structure-function method against the best independent measures of structure
and function (i.e., the pcc metric in this study). Additionally, previous studies that have used
machine learning classifiers or a priori models have often neglected to include a simple
combination of structure and function to test for the value-added of using a more complex
technique to combine structure and function. Here, we compare our best combined
structure-function metric (mRGCIPL&VF pcc) against a simpler model of combining
structure and function (fdOCT&VF pMT/MD) to provide a more rigorous test for the
value-added of our technique. It is important to note that even our “simple” model of
combining structure and function involves more than the simple logical rules used in past
studies. For instance, if we were to consider an individual glaucomatous if either the VF pMD
or the mRGCIPL pMT or the dRNFL pMT were abnormal at a significance level of p≤0.05, then
the corresponding AROC score would be 0.785 ± 0.033 (compare to values in Table 4.2),
slightly better than simple metrics using structure or function alone, but considerably

132

4.5 Discussion

worse than even our “baseline” combination of structure and function (fdOCT&VF pMT/MD),
which merely uses the minimum value of either the VF pMD or the mRGCIPL pMT or the
dRNFL pMT to provide a continuous metric.
Many of the previous attempts to combine structure and function used machine
learning approaches (Bizios et al., 2011; Bowd et al., 2008; Brigatti et al., 1996; Caprioli,
1992; Horn et al., 2012, 2003; Lauande-Pimentel et al., 2001; Mardin et al., 2006; Racette et
al., 2010; Vihanninjoki et al., 2000), including an early study by Caprioli (1992). (Here, we
include linear discriminant analysis under the umbrella of machine learning.) Two recent
studies by Bowd et al. (2008) and Bizios et al. (2011) used tdOCT and VF. Bizios et al. found
that their artificial neural network approach tested on a moderate glaucomatous
population (VF MD = -11.0 ± 8.2 dB) yielded better discrimination than cpRNFL or VF MD
alone, though not better than using their machine learning approach on cpRNFL alone.
Bowd et al. found that their Bayesian machine learning classifiers using both structure and
function, tested on a mild glaucomatous population (VF MD = -3.1 ± 3.4 dB), performed
better than cpRNFL or VF MD alone and also performed better than the best machine
learning approach on independent structural and functional measures, though the
difference between the best functional measure and the combined structure and function
approach was not statistically significant. Other studies using machine learning approaches
on data other than OCT have also reported improvements when combining structure and
function as opposed to the best independent structural or functional measure (Horn et al.,
2012, 2003; Lauande-Pimentel et al., 2001; Racette et al., 2010). Ultimately, the philosophy
behind machine learning approaches differs fundamentally from the approach used in this
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study. There is no clear “right answer”; both machine learning and a priori models involve
trade-offs.
Even relatively simple logical rules to combine structure and function have been
shown to be useful in previous studies (Hirashima et al., 2013; Shah et al., 2006; Tóth et al.,
2007). In particular, the study of Shah et al. (2006) concluded that combining structure and
function offered a statistically significant advantage over the best independent structural
and functional measures, even though their method of combining structural and function
did not require spatial correspondence. The study of Hirashima et al. (2013) is, to the best
of our knowledge, the only previous work combining structure and function to aid in
glaucoma detection that utilizes 2-dimensional fdOCT data; however, when combining
structure and function, the authors do not account for spatial correspondence and also use
very simple global measures, such as average cpRNFL thickness, average mGCC thickness,
and MD.
Two recent studies (Boland & Quigley, 2011; Medeiros, Lisboa, Weinreb, Girkin, et
al., 2012) have used more complex a priori models to combine structure and function in
glaucoma while taking into account spatial correspondence. Boland and Quigley (2011)
have created a simple model that relates the probability of abnormality in both confocal
scanning laser ophthalmoscopy and VF data to the probability that these abnormal data
points are spatially correspondent, based on an extension of a structure-function spatial
map created by Garway-Heath et al. (Garway-Heath, Holder, Fitzke, & Hitchings, 2002).
Though the Boland and Quigley approach to relating structure and function is elegant, we
used a coarser approach for spatial correspondence for two reasons: the Garway-Heath et
al. map in its current form does not fully apply to 2-dimensional fdOCT dRNFL data and the
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lack of 10-2 VF data on all subjects prevented precise spatial relationships in the macula. In
any case, the Boland and Quigley model combining structure and function did not perform
better than using the MD of VF alone; however, their study attempted the more difficult
task of separating glaucoma patients from glaucoma suspects (rather than from healthy
controls).
Another important a priori model, which combines 1-dimensional cpRNFL fdOCT
data with VF, has been presented in a recent study by Medeiros et al. (Medeiros, Lisboa,
Weinreb, Girkin, et al., 2012). Their work attempts the much more ambitious task of
relating fdOCT to VF by first converting both datasets to estimated ganglion cell counts
based on a model by Harwerth et al. (2010). The Medeiros et al. model for combining
structure and function performed better than simple global independent measures, such as
average cpRNFL thickness and VF MD, and this difference was statistically significant.
However, the authors did not test their model against more complex independent
measures of structure and function or against a simple model combining structure and
function. Additionally, it is worth noting that the weighting function applied to the
combination of structure and function is heavily biased towards the structural measure for
mild glaucomatous defects (as defined by the VF). The relative weighting for the
fdOCT-derived estimated ganglion cell counts is 90% when the MD of the 24-2 VF is -3 dB
and 80% when the MD of the 24-2 VF is -6 dB. Thus, it is not surprising that the
performance of the Medeiros et al. combined structure-function metric was equivalent to
average cpRNFL thickness for their preperimetric glaucoma group (admittedly a difficult
group for glaucoma detection). While the weighting function of Medeiros et al. makes their
combined structure-function metric largely dependent on structural measures for mild
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glaucomatous damage (as defined by the VF), in fairness, their metric appears to be aimed
more at progression than early glaucoma detection. Indeed, further work by this group has
framed this combined structure-function metric in the context of progression (Medeiros,
Zangwill, Bowd, Mansouri, & Weinreb, 2012; Medeiros, Zangwill, Anderson, Liebmann, et
al., 2012). Although their combined structure-function metric is limited by the assumptions
and validity of the Harwerth et al. model (as mentioned by Medeiros et al. in their
discussion), the conversion of structural and functional measures to estimated ganglion cell
counts allows for interesting speculations regarding disease mechanisms in glaucoma
(Medeiros, Zangwill, Bowd, Mansouri, et al., 2012).
Although combining only fdOCT dRNFL and VF data (data not shown) in this study
performed better than using dRNFL or VF data alone, the best performance was achieved
by combining mRGCIPL, dRNFL, and VF data or simply mRGCIPL and VF data. While it may
seem unusual that the dRNFL seems to add little to the combination of mRGCIPL and VF,
the lack of 10-2 VF data probably makes the 24-2 VF and dRNFL somewhat redundant,
whereas the mRGCIPL offers complementary information pertaining to macular damage.
The dRNFL may also be subject to interindividual variability to a higher degree than the
mRGCIPL. Because 10-2 VF is not routinely collected in many clinical settings and is not
officially a part of the protocol for the data collected by many important multi-site studies,
the mRGCIPL data may serve as an important indicator of macular damage that might
otherwise go unnoticed in glaucoma suspects and patients.

4.5.3

Inclusion and exclusion criteria

By not using more stringent inclusion and exclusion criteria at the outset, we allowed for
the inclusion of more subtle cases. For instance, we included the fellow eye of glaucoma
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suspects even if there were no evidence of glaucomatous optic neuropathy or abnormal
visual fields in that eye. Our rationale here is similar to the arguments made by Bowd et al.
in their study combining VF and tdOCT data using machine learning classifiers (Bowd et al.,
2008). The MD of the VF in our glaucomatous group was similar to their study and notably
higher than some other studies [e.g., (Bizios et al., 2011; Lauande-Pimentel et al., 2001)]
combining structure and function. In particular, 87% of the eyes in our glaucomatous group
had a MD greater than -6 dB, suggesting “mild” glaucoma according to the
Hodapp-Anderson-Parrish classification system (Ng et al., 2012). An example of an
interesting subtle case that would not have been included otherwise can be seen in Figure
4.6. However, while our population more closely resembles a screening population, the
AROC scores we report (e.g., Table 4.2) are probably lower because our population is not
strictly defined. Thus, when assessing the AROC scores in Table 4.2, it is important to
realize that maximum possible AROC is probably less than 1 in this context.
To illustrate the differences in the AROC scores, as well as to demonstrate the
performance of these methods on a more well-defined population, we repeated our
analyses on a subpopulation using VF as part of the inclusion and exclusion criteria (see
Table 4.3 and Figure 4.5B). While the performance of VF-based metrics is likely to be
favorably biased in this subpopulation, it is important to note that the performance of
different metrics within a particular modality (i.e., structure or function) will not be
affected by such a bias. For example, regarding the mRGCIPL or the VF data, there is no
compelling reason to believe that the better performance of the pcc metric was affected by a
bias in how the subpopulation was selected. Ultimately, the lack of a “gold standard” for
glaucoma diagnosis means there will be a certain amount of ambiguity in interpreting
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AROC scores, particularly in studies attempting to combine structure and function,
regardless of how the populations are defined.

4.5.4

Future directions

The methods used here could benefit from a more refined model for spatial
correspondence between structural and functional measures. While a precise local
point-to-point multiplication of probabilities between structure and function yielded
performance better than structure or function alone (data not shown), the lack of 10-2 VF
data led us to use a simpler method of combining structure and function. Additionally,
continuous probability values for the VF data in this study (Wall, Johnson, Kardon, & Crabb,
2009), as opposed to the discrete values derived from machine-based normative data, may
further enhance the performance of the combined structure-function techniques shown
here. Finally, though we used a priori assumptions in this study to derive the
regions-of-interest for the fdOCT data, optimization based on our current dataset may yield
better performance in future studies with independent datasets.

4.6

Summary

A combined structure-function metric, taking into consideration spatially correspondent
patterns of damage, improved the detection of glaucomatous eyes. Overall, evaluation of
the techniques employed in this study suggests that the primary sources of value-added
stem from the continuous cluster search (the pcc), the mRGCIPL data, and the combination
of structure and function.
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5

General Conclusions

5.1

Overall summary

Here, the structure-function relationship in glaucoma was considered in the context of a
previous model, which purports to estimate the number of RGCs from both structural and
functional measures. Though this model is quite influential, it was found to have several
questionable assumptions and did not generalize well to a novel dataset. Subsequently, an
alternative method with fewer assumptions was proposed and appeared to provide better
agreement with histology than the previously published method. Finally, structural and
functional measures were combined using a novel method with a view towards early
identification of glaucomatous changes, and this method performed better than previously
published techniques.

5.2

Future directions

There are several avenues for future studies based on the work shown here. A similar
analysis as shown in Chapter 2 can be applied to the Wollstein et al. (2012) model, though
currently this model is less influential and does not report parameters in a manner that
allows independent evaluation using the topographic maps discussed in Chapter 2.
The novel method of estimating RGC counts in Chapter 3 should be revised to
incorporate an estimate of the residual component. Eventually, this technique should be
extended to compare the structure-function models in the literature that relate local
sensitivity measures to local RGC measures. The estimates of RGCs based on the macula can
also be compared to the RNFL thickness of the corresponding region of the optic disc, using
an anatomically valid topographic map, to estimates RGC axon counts at the disc using a
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similar approach of limited assumptions based on histological estimates from the
literature.
Finally, the method discussed in Chapter 4 can and should be extended to ssOCT
data and 10-2 VFs. Using RGC layer thickness, instead of the combined RGCIPL thickness,
may also yield some value-added. In general, further optimization of the technique using
the current dataset can be coupled with a validation study in a subsequent dataset.
Additionally, the method should be extended to account for known sources of variability
among healthy eyes, such as the location of blood vessels and axial length.
In general, all of the work here can be extended with a further discussion of
variability as it is essential to making use of and understanding the data, particularly the
visual field. Simulations of variability should be a part of future model comparisons.
Furthermore, clinical tests are limited by naturally occurring variability among healthy
individuals, so a better understanding of the sources of this variability will have
considerable clinical relevance.
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