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Purproste. To identify objective, quantitative optic nerve head (ONH) structural features and
model the contributions of glaucoma.

MerHODS. Baseline stereoscopic optic disc images of 1635 glaucoma-free participants at risk
for developing primary open-angle glaucoma (POAG) were collected as part of the Ocular
Hypertension Treatment Study. A stereo correspondence algorithm designed for fundus
images was applied to extract the three-dimensional (3D) information about the ONH.
Principal component analysis was used to identify ONH 3D structural features and the
contributions of demographic features, clinical variables, and disease were modeled using
linear regression and linear component analysis. The computationally identified features were
evaluated based on associations with glaucoma and ability to predict which participants
would develop POAG.

Resurts. The computationally identified features were significantly associated with future
POAG, POAG-related demographics (age, ethnicity), and clinical measurements (horizontal
and vertical cup-to-disc ratio, central corneal thickness, and refraction). Models predicting
future POAG development using the OHTS baseline data and STEP features achieved an AUC
of 0.722 in cross-validation testing. This was a significant improvement over using only
demographics (age, sex, and ethnicity), which had an AUC of 0.599.

Concrusions. Methods for identifying objective, quantitative measurements of 3D ONH
structure were developed using a large dataset. The identified features were significantly
associated with POAG and POAG-related variables. Further, these features increased
predictive model accuracy in predicting future POAG. The results indicate that the
computationally identified features might be useful in POAG early screening programs or as
endophenotypes to investigate POAG genetics.

Keywords: primary open-angle glaucoma, optic nerve head, stereo fundus, image analysis,
structural modeling

laucoma is one of the most common causes of blindness
throughout the world.!? It is a progressive disease
characterized by degeneration of retinal ganglion cells and
the optic nerve. This disease, if left untreated, leads to
progressive, irreversible vision loss that may ultimately result
in blindness.> Early detection of glaucoma is crucial to
preserving vision and providing better patient outcomes.
Although glaucoma occurs in a number of different primary
and secondary forms, here we consider only the most common
form of the disease, primary open-angle glaucoma (POAG). This
form affects an estimated 3% of people aged 40 to 80
worldwide.?
In clinical settings, examination of the optic nerve head
(ONB) is central to diagnosis of glaucoma and tracking disease
progression. Characteristic changes in the three-dimensional
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(3D) structure of the ONH are associated with POAG. Figure 1
illustrates the location of typical ONH structure and common
changes associated with glaucoma. Localized loss of nerve
tissue that results in a notch in the ONH rim or generalized loss
resulting in an overall loss of rim are common signs of
glaucomatous damage. The health of the optic nerve and the
stability of POAG are typically gauged by assessing this type of
loss using the cup-to-disc ratio (CDR), the ratio of the diameter
of the cup to the diameter of the entire ONH, with large values
associated with glaucomatous neuropathy.* Other important
clinical measurements of glaucoma include IOP, central and
peripheral loss of vision (visual fields), and central corneal
thickness (CCT).

However, there is variability in these measurements in both
healthy and glaucomatous individuals.> Consequently, although
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Ficure 1. (A) Cross-section of the human eye with the location of the
ONH highlighted (inse?). Illustration courtesy of National Eye Institute
(in the public domain at http://nei.nih.gov/photo/). (B) The ONH as it
appears in fundus images with the nasal (N), temporal (T), superior (S),
and inferior (I) directions labeled. (C) A 3D rendering of the ONH
showing typical structure.

these clinical measurements are used to diagnose and manage
patients with glaucoma, their sensitivity and specificity to
predict which asymptomatic individuals might develop glau-
coma in the future is limited.®” Moreover, the clinical
measurements and structural evaluation of the ONH as judged
by eye care professionals can be subjective and confounded by
large variability in both healthy and glaucoma patient
populations.?-19 These challenges to successful screening for
glaucoma underscore the need to identify objective, quantita-
tive assessments of features that predict risk for developing
glaucoma.

Previous work has described and evaluated a number of
different approaches for quantitatively measuring ONH struc-
ture. The simplest of these methods uses human or semi-
automated systems to measure traditional aspects of ONH
structure, such as disc diameter, cup diameter, CDR, and disc,
cup, or rim area. Direct measurements of surface 3D
information are gathered using Heidelberg retinal tomography
(HRT) and both surface as well as internal structural data are
captured using optical coherence tomography (OCT) imaging.
These measurements have been used extensively in predicting,
diagnosing, and monitoring POAG,''-'4 as well as endopheno-
typic measurements for studying POAG genetics.!>"!7 These
techniques are limited, however, in their ability to completely
capture ONH structure. They reduce a complex, high-
dimensional characteristic (ONH structure) to a single or to a
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few measurements that describe only a small number of
possible variations in ONH structure.

Recently, more sophisticated methods based on statistical
shape modeling techniques have been applied to a number of
biological questions related to eye structures.!®2° These
approaches tend to use techniques in which a model of the
relevant biological structure is learned from a set of training
observations. Often, this consists of using statistical techniques
to identify common modes of variation in structure or
associations with relevant biological measurements, such as
disease. The identified features can then be used to describe
complex changes in biological structures using only a small
number of dimensions.?° We have previously developed and
validated methods for extracting 3D information about the
ONH from stereo images.?! We have shown that features
derived from these measurements of ONH structure capture
demographic and genetic information.?2-24

We hypothesize that we can apply these computational
techniques to discover unknown relationships among ONH
structure, clinical phenotypes, and disease. Specifically, we
have used an existing, large-scale dataset including structural
imaging, and demographic and clinical measures from partic-
ipants in the Ocular Hypertension Treatment Study (OHTS) to
develop and evaluate methods for modeling ONH structure.
Further, we have evaluated features extracted from these
models based on their relationships with known POAG risk
factors and disease.

MATERIALS AND METHODS

Participant Cohort and Data Collection

Baseline data gathered as part of the OHTS were used to
perform all analyses. The cohort for this study (7 = 1635)
consisted of participants with elevated IOP. As a condition of
enrollment, each participant had a complete eye examination
and was judged to not have glaucoma at the time of enrollment
based on stereoscopic optic disc images and visual field
evaluation.?> At enrollment, stereo images, demographic data,
and phenotypic measurements were collected from each
participant. The demographic and phenotypic measurements
included age, ethnicity, sex, IOP, CCT, horizontal cup-to-disc
ratio (HCDR), vertical cup-to-disc ratio (VCDR), refraction, and
average pattern standard deviation (PSD) measured using
Humphrey 30-2 visual field testing.?® HCDR and VCDR were
assessed using stereo photos by trained technicians at a reading
center. Each measurement was an average of at least two
readers. See the published description of the OHTS protocol
for a detailed description of how each measurement was
collected.?” The OHTS had a longitudinal design, and 10 to 12
years of follow-up data are available for the participant cohort
including if and when each participant developed POAG. Table
1 summarizes the baseline dataset.?>

At enrollment, stereo photographs of the optic nerve and
surrounding retina were acquired for all OHTS participants.
These initial, film-based stereo pair photographs were captured
with several different fundus cameras at different sites using a
standard protocol and then digitized at high resolution by the
OHTS Optic Disc Reading Center at Bascom Palmer.?> The
starting data for the imaging portion of the current work
consisted of high-resolution TIFF images scanned from film
slides. Automated methods were applied to computationally
identify the location of the optic disc center.?® Optic disc
locations for all 1635 stereo pairs were manually verified, and
updated when needed. To account for differences in apparent
ONH size caused by differing imaging set ups without affecting
relevant ONH structural parameters, images were grouped by
camera and scaled to have equal mean optic disc diameters.
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Tasile 1. The Set of Measurements Gathered From OHTS Participants at Baseline and Follow-up Visits in the Case of POAG

Measurement Distribution Description

Age 55.9 £ 9.3 years Age at imaging, measurement, and expert evaluation

HCDR 0.36 £ 0.19 Horizontal cup-to-disc ratio measured using fundus images

VCDR 0.38 = 0.21 Vertical cup-to-disc ratio measured using fundus images

CCT 573 = 38 pm Central corneal thickness measured using ultrasonic pachymetry

Refraction —0.65 * 2.3 diopters Refractive index for best corrected visual acuity

10P 25.0 = 3.1 mm Hg Intraocular pressure measured using applanation tonometer

PSD 1.95 = 0.30 dB Average pattern SD, a summary statistic of visual field loss with large
values indicating areas of lost vision

Sex 56.4% female Self-reported participant sex

Ethnicity 71.2% white, 23.5% African American, 5.3% other Self-reported participant ethnicity

POAG 83.0% non-POAG Determination of incident POAG development performed by

glaucoma specialists at follow-up visits

Stereo Correspondence

Three-dimensional information was inferred from stereo pairs
using a custom stereo correspondence algorithm. Unlike many
other stereo correspondence algorithms, this custom approach
has been tuned to handle problems characteristic of stereo
fundus images. This includes regions of low contrast, low signal-
to-noise ratio, and fundus imaging-specific artifacts, and
occlusions. This algorithm has previously been compared with
other stereo correspondence algorithms and with 3D measure-
ments taken via OCT.2! Although our algorithm outperformed
similar stereo correspondence algorithms and was correlated
with OCT measurements, there were notable errors in depth
inference and distortions in ONH surface structure. Regardless
of the errors or distortions in inferred depth, the resulting
structural measurements are satisfactory for the current work
based on previous applications showing that they capture
important biological information, such as heritable and demo-
graphic-associated ONH structural features.?>2°

The correspondence algorithm produced dense, quantita-
tive maps of depth across the ONH region including both the
cup and rim regions. In particular, each stereo fundus pair
produced a depth map image in which the value of each depth
map pixel indicates the relative depth of the corresponding
location in the fundus images. The inference of 3D information
from stereo pairs requires a map of pixel correspondences to
be constructed. For each pixel in the first image of the pair, this
map indicates the pixel in the second image that covers the
same location in the scene. Depth at each pixel can then be
inferred based on the distance between corresponding pixels.
Issues that prevent the correspondence from being deter-
mined, therefore, introduce noise or artifacts into the inferred
depth measurements. Noise reduction and artifact removal
steps were applied to reduce the effects of noise or artifacts.
Because there may not be overlap of the stereo pairs at the
edges of each image, correspondence cannot always be reliably
established. To account for this, a small border (25 pixels) was
cropped from each depth map. Additionally, Gaussian smooth-
ing and down sampling was applied to the maps to reduce
noise caused by small correspondence errors. The final output
consisted of a single 50 X 50 depth map indicating 3D ONH
structure for each input stereo fundus pair. Figure 2 illustrates
the preprocessing steps applied to the depth maps and how
they encode 3D information.

Feature Identification

Optic nerve head structural endophenotypes (STEPs) were
identified so that observed variability in ONH structure as well
as contributions from clinical measurements and disease were
explained. To this end, two distinct methods were used to

identify STEPs. The first considered only depth information as
inferred from the stereo image pairs. The goal of this procedure
was to identify common modes of variation observed in the
depth maps inferred from stereo fundus images. The second
also incorporated demographic and phenotypic information
from the set of variables available in the OHTS dataset. This
procedure was meant to explicitly model the relationship
between ONH structure and POAG-related demographic and
clinical features. The first set of features is referred to as depth-
based STEPs, and the second is referred to as phenotype-based
STEPs. Because the ONH measurements are derived from
stereo fundus images, these STEPs can only describe the
surface and not the internal structure of the ONH.

In both cases, the set of participants for which both imaging
and genotype data are available (7 = 1635) was considered. For
each participant, only a single, baseline stereo pair taken of the
right eye was considered. The depth map inferred from each
stereo pair was vectorized by mapping each pixel location to a
corresponding vector component. Using this representation,
each depth map consisted of a 2500 (50 X 50) component
vector. Finally, because depth values inferred from different
participants and different imaging set ups did not all have the
same range of values, a normalization procedure was applied.
The data were normalized by computing the mean and
variance of depth values at each location. Depth values were
then standardized so that they had a zero mean and unit
variance across all participants.

The depth-based features were identified using principal
component analysis (PCA). Principal component analysis is a
technique commonly used to reduce the dimensionality of high-
dimensional data sets. In this case, PCA greatly reduces the
number of dimensions needed to represent the depth maps by
taking advantage of the nonindependence of depth values at
different pixel locations. This results in a small set of STEPs that
explain most of the variance observed in the data. The generated
features also possess a natural ordering based on how much of
the variance that each explains: the first explains the greatest
amount of variance and each subsequent feature explains a
smaller amount. Using this technique, the cumulative amount of
variance in the original data explained by adding each successive
feature can be quantified. For this work, enough features to
explain at least 95% of the variance in the depth map data were
retained and used for further analyses.

The phenotype-based STEPs were identified using linear
regression and linear discriminant analysis (LDA)-based ap-
proaches. In both cases, models were constructed to predict
the phenotypic variables from ONH structural features. These
differing approaches were applied to account for the different
types of phenotypic variables. In the case of binary or
categorical measurements (sex and ethnicity), LDA was used
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Ficure 2. (A) The input stereo fundus images with the ONH region highlighted in blue. (B) The cropped ONH region. (C) The raw depth map
resulting from the stereo correspondence algorithm, the edge-cropped depth map, and the final, smoothed depth map. (D) The final depth map
shown along with the corresponding 3D structure and overlaid with the fundus ONH region.
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Ficure 3. Example depth maps and the corresponding 3D ONH structures.

to model the relationship between the variable and ONH
structure. Linear discriminant analysis is an approach that can be
applied to high-dimensional data to estimate relationships
between the dimensions and a categorical variable that assigns
a class to each data point. Specifically, LDA finds the linear
combination of dimensions that provides the greatest separation
between data points of different classes>® In the case of
quantitative measurements (age, IOP, CCT, HCDR, VCDR,
refraction, visual field performance), multiple linear regression
models were used to model the relationship. This type of linear
model is well understood and common statistics can be used to
evaluate their suitability for modeling a given relationship. In
both cases, the PCA-reduced depth data were used as predictive
features for each variable of interest. This resulted in a
phenotype-based STEP for each variable that can be considered
as estimates of the effect of each variable on ONH structure.

Feature Evaluation

The STEPs (both depth- and phenotype-based) were evaluated
based on associations with OHTS measurements. To test for
significant associations, one-way ANOVA (categorical measure-
ments) and Student’s #-tests (quantitative measurements) were
used. Bonferroni correction with an adjusted P value cutoff of
0.05 was used to account for multiple hypothesis-testing issues.

In addition to association testing, the identified STEPs were
evaluated based on their utility in building predictive models
for future development of POAG. For this evaluation, a baseline
set of features consisting of only demographic information
(age, sex, and ethnicity) was used. This baseline feature set was
augmented first by adding in the remainder of the OHTS
features (see Table 1 for the list of features) and then
additionally augmented by adding the STEP features.

These sets of features were evaluated based on their ability to
predict which OHTS participants would go on to develop
POAG. The features were used as part of predictive models
known as k-nearest neighbor classifiers. Area under the receiver
operating characteristic curves (AUC) was computed for each
feature set. The performance of the features was compared
internally to each other as well as to previously published results
predicting POAG in the OHTS dataset. These AUC values were
computed on the entire OHTS dataset so that direct compar-
isons to previously published AUC values could be made.?1-32

Because evaluation of a model tends to overestimate perfor-
mance, a 10-fold cross-validation approach also was used to
estimate predictive performance on unseen data.

RESULTS

Optic Nerve Head Structural Inference

The 3D ONH structure for each of 1635 OHTS participants was
computed from the baseline stereo pairs taken of the right eye.
Figure 3 shows example depth maps and the corresponding
3D structure for several stereo pairs.

Identification of STEPs

PCA-based analysis of the resulting depth maps was performed
to identify ONH STEPs. The 10 most powerful STEPs explained
95% of the variance observed within the ONH depth map data.
Graphical representations of the structures encoded by these
STEPs are provided in Figure 4.

Phenotype-based STEPs were computed using LDA and linear
regression models to estimate the relationship between the
demographic and clinical measurements and ONH structure.
Figure 5 presents each of the phenotype-based STEPs.
Phenotype-based STEPs were evaluated based on their statistical
association to the demographic and clinical measurements. After
multiple hypothesis correction, significant associations were
discovered between ONH structure and several of the
phenotypes. These include significant associations between
ONH structure and age, ethnicity, CCT, refraction, and both
HCDR and VCDR. The associations with IOP and PSD were not
significant. In the case of the HCDR and VCDR, the resulting
phenotype-based STEPs explained roughly 60% of the observed
variance in HCDR and VCDR (% = 0.62 and 0.59, respectively).
Table 2 details the results of this association testing. Each
association here was significant after Bonferroni correction.

Illustrations showing the changes to ONH structure
associated with a subset of the depth- and phenotype-based
STEPs are shown in Figure 6.

The set of OHTS measurements and STEP features were
evaluated based on their ability to predict which OHTS
participants would develop POAG. Using only the baseline
(demographic) features resulted in an AUC of 0.720. Adding
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STEP 1
74.9%

STEP 2
6.21%

STEP 3
5.10%

STEP 4 STEP 5 STEP 6 STEP 7
4.97% 1.25% 0.69% 0.56%
STEP 8 STEP 9 STEP 10
0.47% 0.42% 0.29%

FiGure 4. Grayscale representation of the 10 PCA-based STEPs used to model ONH structure and the percentage of variance in depth data that
each explained. Collectively, these features explained 95% of the variance observed.

the remainder of the OHTS measurements led to an AUC of
0.793. Finally, incorporating STEP features boosted AUC to
0.806. The cross-validation approach to estimate performance
of STEP features on unseen data resulted in an AUC of 0.722
compared with 0.701 using the OHTS measurements and
0.599 using only demographic features.

Di1scuUssION

Computational methods for identifying 3D structural features
of the ONH were applied to a large cohort of participants at
risk for developing POAG. These methods simultaneously
incorporate both imaging and demographic/phenotypic vari-
ables to model ONH structure. The identified STEPs serve as
objective, quantitative predictive features for POAG and as
endophenotypes that can be used to investigate contributors
to ONH structure and disease.

Extensive work has been published regarding both diagno-
sis and early prediction of POAG. This includes methods that
that rely on a variety of clinical and imaging-based measure-
ments. In particular, POAG predictive models incorporating
age, IOP, CCT, VCDR, and PSD have been built and evaluated
using data from the entire OHTS cohort. These models
achieved AUCs ranging from 0.74 to 0.77 in predicting future
conversion to POAG, depending on the parameters used to
construct the models.3>!32 This can be compared with the AUC
of 0.806 achieved when incorporating STEPs to predict
conversion to POAG in the OHTS dataset. External validation
of these models on independent datasets led to AUCs ranging

from 0.69 to 0.83, with a median performance across all
surveyed cohorts of 0.71.33 These can be compared with the
AUC of 0.722 achieved in cross-validation testing of models
incorporating STEP features. Although STEP-based prediction
fell short of the highest-reported AUCs when applying existing
models to independent datasets, STEPs did increase AUC when
included in models predicting POAG in the OHTS cohort.
Incorporation of STEPs into prediction of these independent
datasets is needed to determine if STEPs can likewise aid in
early POAG prediction in those cohorts.

Recently, more attention has been focused on using ONH
structural features measured using several imaging modalities
to describe and diagnose POAG. More traditional measure-
ments of ONH structure, such as CDR, rim width, optic disc
and rim area, and localized rim notching measured using stereo
fundus or HRT images have been augmented by internal
structural measurements from OCT, especially retinal nerve
fiber layer thickness. The resulting diagnostic models have
shown higher performance in distinguishing between normal
and glaucomatous individuals than previous attempts that fail
to incorporate any ONH structure.'?-'4 Work by Sanfilippo et
al.3% took a more sophisticated approach to modeling shape
and, using methods similar to our STEP methodology, identified
optic cup shape features by examining manual tracings of the
optic disc and cup from fundus images. Their resulting features
achieved high accuracy in discriminating normal and glau-
comatous subjects. Although not focused on glaucoma, similar
techniques have been applied to retinal pigmented epithelium
shape measured using OCT and identified significant associa-
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Age STEP

Ethnicity STEP

Gender STEP

IOP STEP

HCDR STEP

tions with disease.'®1? The work described here attempts to
apply shape-modeling techniques to the large OHTS dataset to
identify features helpful in early POAG prediction. This work is
limited, though, in that only surface ONH structure could be
observed using the available stereo photos and none of the
internal structure captured by OCT is available. Ideally, similar

TasLe 2. The List of Significant Associations Between OHTS Measure-
ments and STEP Features

Measurement Significant STEP Associations

Age 3
HCDR 1
VCDR 1
CCT 4
Refraction 3
Ethnicity 3
POAG 4

Acuity STEP

VCDR STEP

CCT STEP

PSD STEP

Ficure 5. The phenotype-based STEPs used to model the contribution of demographic and clinical variables to ONH structure.

methods would be applied to OCT data to computationally
identify informative features of internal structure, especially
glaucoma-related structures such as the retinal nerve fiber
layer. We have considered only stereo-based measurements of
ONH surface structure because large-scale, longitudinal data-
sets (such as OHTS) that include OCT imaging are not
currently available.

Using the graphical representations and illustrations of
changes associated with the STEPs (Fig. 6) can allow for some
qualitative assessment of these features. For instance STEP 1
seems to capture some aspect of cup depth and size of the
neuro-retinal rim. STEP 2, on the other hand, demonstrates
slope in the vertical (superior-inferior) direction. A possible
explanation is that much of the apparent slope associated with
these STEPs is caused by slight variations in the orientation of
the camera with respect to the optic disc. This STEP helps
illustrate a limitation of the proposed methodology: the
identified STEPs depend on the quality of the input stereo
fundus images. Poor imaging conditions or camera orientation
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(A) Grayscale representations of the first five PCA-based STEPs. Here, dark and bright areas indicate regions of the ONH that this

feature affects. (B) Visualizations intended illustrate the changes associated with each STEP. A median depth map (left) is shown along with a
simulated depth map constructed using an extreme value (the maximum observed value) of the STEP. (C) The same images shown as heat maps to

help illustrate depth.

could lead to poor-quality stereo images. The OHTS images
used here were screened for overall image and stereo quality,
so further experiments are needed to determine the robustness
of this methodology to image quality.

Several of the other STEPs encode structural features that are
plausibly relevant to POAG progression. STEP 3 appears to
encode a feature modulating the depth of the cup, whereas
STEPs 5, 6, and 8 appear to encode features denoting notching
of the neuro-retinal rim at specific positions (inferonasal,
superior, and nasal, respectively). Other STEPs that were
identified by our approach are not easily related to such
characteristic ONH features recognized by clinicians. A neuro-
retinal rim feature that seems to be missing is thinning in the
inferotemporal region. Previous work has shown thinning in this
region to be an early hallmark of glaucomatous damage. 337
The lack of inferotemporal thinning features may be due to the
population considered here. Because inferotemporal thinning is
considered a hallmark of glaucomatous damage, individuals
exhibiting this thinning may have been excluded from the OHTS
cohort, which consisted of only non-POAG participants. The
missing inferotemporal thinning is only one example; there
could be additional informative features that were not identified

because of the characteristics of the OHTS cohort used here.
This cohort consists of individuals with ocular hypertension and
considered at risk for POAG. Further study is needed to apply
these methods to cohorts drawn from other populations (e.g.,
healthy, glaucomatous) to discover differences and similarities in
identified STEPs. Further ONH structural modeling, including
longitudinal evaluation of the STEPs, relevant phenotypes, and
comparisons to expert evaluations of ONH shape, may reveal
additional informative relationships.

We have previously published on the use of computational
methods for modeling ONH structure, finding that computa-
tional methods can be used to identify features with significant
heritable components and associations with POAG risk
factors.?2429 The current results serve to support and extend
the preliminary findings. Here, we seek to estimate basic
building blocks of ONH structure using STEP structural
modeling techniques. Evaluation of the resulting STEPs
revealed that a small number (10) explained most (>95%) of
the observed variance in depth measurements and significant
associations with clinical measurements as well as with POAG.
Significant associations of ONH structure with CCT and (as
expected) both HCDR and VCDR should be noted, in
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particular. Given that these have been successfully used as
quantitative endophenotypes to investigate genetic contribu-
tions to POAG, our results indicate that STEPs also can be used
as a tool to investigate POAG and its genetic risk factors.3%3°
Many of the STEPs showed multiple associations with several
different clinical measurements. The presence of so many
multiple associations could indicate that some standard clinical
measurements may actually be a superposition of basic ONH
structural building blocks. Accurate estimates of these
structural building blocks will yield new ways to measure
ONH structure in both normal and disease cases. Further ONH
structural modeling based on large datasets needs to be
performed to improve and validate the estimates.

The results presented here showed that incorporation of
STEPs led to significant increases in predictive power for future
development of POAG over the use of demographic and
commonly used clinical measurements (JOP, CCT, and refrac-
tion). Additionally, using STEPs increases predictive power to
the level achieved when clinical measurements that require
expensive, specialized equipment (PSD) or training (HCDR,
VCDR) are used. The speed, low cost, and ease of application
make the computational STEP measurements an attractive
option for large-scale screening programs because they can be
easily and quickly applied to captured images to extract POAG-
related features.

Confounding the study and development of treatments for
POAG is that it is a genetically complex disease. Some cases of
glaucoma are caused primarily by defects in a single gene,
whereas others cases are caused by the combined actions of
many genetic and environmental risk factors.“® Family-based
studies have identified at least three genes that are capable of
causing glaucoma with high pressure (myocilin!) and
glaucoma that occurs at lower pressure (optineurin and
TBK1).%2%3 Population-based genome-wide association studies
have detected some of the genetic risk factors that contribute
to more complex forms of POAG.44-48 Despite these discov-
eries, most of the observed hereditability of POAG remains
unexplained.3%4> Untangling the complexity requires examin-
ing genotypic and phenotypic data using new methodologies.
In recent years, the use of quantitative endophenotypes to
study genetically complex disease, including POAG, has
become popular.#>4° Many population-based studies have
searched for and discovered risk factors for quantitative
endophenotypes of glaucoma (IOP, CCT, and CDR).'¢-50-54
Further study of additional quantitative endophenotypes (.e.,
ONH STEPs) has the potential to identify more genetic
contributors to ONH structure and risk factors for POAG.

In conclusion, the STEP methodology was shown to be a
powerful tool for investigating POAG and related clinical
variables. These methods can extract informative, disease-
related ONH structural features from a commonly used and
noninvasive imaging modality (stereo fundus). The objective
nature and clinically relevant associations of STEPs indicate
that they can serve to expand and augment the biomarkers
currently used to study POAG.
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