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5.1 Introduction

The detection and monitoring of glaucoma cus-
tomarily involves several processes that include
diagnostic modalities such as subjective evalua-
tion of the optic nerve head (ONH), visual field
testing, and intraocular pressure measurements.
These traditional methods of assessing glaucoma
have several key limitations that dictate the need
for supplementary approaches. The diagnostic
assessment of the ONH in glaucoma by ophthal-
moscopic examination or serial stereoscopic pho-
tographs is highly dependent on observer skills,
inducing high inter-observer and intra-observer
variation that affects its utility [1-3]. Visual field
analysis through automated perimetry is a widely
used technique that is considered an established
clinical endpoint and is arguably the gold-
standard for evaluation of glaucoma and for mon-
itoring of disease progression. Although it is
sensitive and specific at detecting glaucomatous
functional loss, automated perimetry has several
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significant limitations [4—7]. The test requires the
subjective input of the tested individual, making
it prone to high short- and long-term fluctuation.
The high fluctuation of the test, induced by its
subjective nature, necessitates multiple tests to
improve the reliability of the technique, delaying
the recognition of glaucomatous damage [8].
Several studies have shown that detectable glau-
comatous field abnormalities may be preceded by
structural changes of the ONH and nerve fiber
layer [9-18] Furthermore, intraocular pressure
(IOP) is the major identified risk factor for the
development of glaucomatous damage and is the
only modifiable risk factor to date. Although low-
ering IOP serves to impede the progression of
retinal ganglion cell degenerative change [19-
21], the high inter-individual variability and the
diurnal variation in the intraocular pressure have
limited the use of this parameter for the detection
of the disease. Moreover, intraocular pressure
values do not indicate whether damage has
occurred, or to what extent. In addition, elevated
IOP (i.e. ocular hypertension) does not necessar-
ily result in glaucomatous damage [14].

While detection of glaucomatous structural
damage to the eye during the earliest stage and
precise assessment of this change are critical
aspects of managing the disease, both feats are
challenging. Glaucomatous damage is largely
irreversible and, therefore, eyes with structural
damage must be identified as early and as
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accurately as possible because they are at risk for
continued injury. It has been suggested that the
earlier glaucoma is detected and treated, the
greater the likelihood that medical or surgical
intervention will delay or prevent the progression
of glaucomatous neuropathy and subsequent
functional impairment [22-24]. Furthermore,
because glaucoma progresses slowly, it is impor-
tant to detect real change due to disease that is
beyond normal age-related loss and short-term
and long-term fluctuations. This assumption
underscores the need for an accurate and repro-
ducible quantitative evaluation of the eye.

During the past three decades, there has been
significant development and implementation of
several imaging technologies designed to objec-
tively and quantitatively detect glaucomatous
neuropathy at early stages of disease. Beyond
early detection, quantitative and objective imag-
ing devices offer a more sensitive way to detect
glaucomatous progression when compared with
clinical qualitative assessments. One of the earli-
est imaging devices introduced to the ophthalmic
field was a confocal scanning laser ophthalmo-
scope (cSLO), a device developed to assess optic
disc topography in the late 1980s (Laser
Tomographic Scanner, Heidelberg Instruments).
With reductions in cost and the advent of
improved hardware, the introduction of the first
practical commercial cSLO device was intro-
duced in 1991 [Heidelberg Retina Tomograph
(HRT); Heidelberg Engineering, Heidelberg,
Germany].

Imaging instruments provide objective, quan-
titative measures of neuroretinal rim thinning,
RNFL atrophy, and excavation of the optic cup,
and are increasingly utilized in the clinical man-
agement of glaucoma patients. This is due in part
to the availability of summary information that
can easily be used in clinical management deci-
sions. For example, most instruments now
include a reference database for making statisti-
cal indications of whether a patient measurement
is “Within Normal Limits,” “Borderline,” or
“Outside Normal Limits.” In addition, each
device provides a measure of image quality so
that the clinician can determine whether the
image is of sufficient quality to be utilized in

clinical management decisions. With continuous
developments in imaging technology like spec-
tral domain OCT (SD-OCT) and advancements
in research applications of such technologies, the
value of these devices in glaucoma management
is likely to continue growing.

Although in vivo imaging with cSLO, time-
domain OCT (TD-OCT), and spectral-domain
OCT (SD-OCT) have been commercially avail-
able for the management of glaucoma for over
10 years, interpretation and utilization of such
results remains a challenge. However, clinical
research continues to significantly advance the
relevance and utility of diagnostic imaging
devices by enabling visualization of high-
resolution and detailed images and to provide
sophisticated data analysis strategies. Such
improvements increase efficiency while provid-
ing precise, accurate analysis of the retinal data
produced by each device [25-27]. This chapter
will review diagnostic imaging techniques that
have advanced and continue to advance diagnosis
and management of glaucoma.

5.2 The Heidelberg Retina
Tomograph: Confocal
Scanning Laser

Ophthalmoscope (c¢SLO)

The first cSLO device developed as a diagnostic
aid for glaucoma, the Heidelberg Retina
Tomograph (HRT), utilizes confocal optics to
obtain multiple measures of retinal height at con-
secutive focal planes to provide a topographic
map that extends from the retinal anterior surface
down to the lamina cribrosa. The HRT platform
includes comprehensive software that facilitates
image acquisition, storage, retrieval, and analy-
sis. After manually delineating the optic disc
margin by placing a contour line along the inner
edge of the scleral ring at the baseline exam, ste-
reometric parameters are provided to describe the
retinal topography of each image. The contour
line is automatically transferred to all follow-up
examinations. Many of the stereometric parame-
ters are calculated based on a standard reference
plane set 50 pm posterior to the average contour
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line height (i.e., retinal height) at a 5° sector
along the temporal rim; an area thought to be
least effected by glaucomatous progression and
therefore thought to change minimally over time.
Stereometric parameters include: disc area (area
within contour), rim area (area within contour
and above reference plane), cup area (area within
contour and below reference plane), rim volume,
cup volume, mean cup depth, mean height of
contour, an indirect measure of retinal nerve fiber
layer (RNFL) thickness, and cup shape (Fig. 5.1).

5.2.1 Clinical Development
Several key clinical research studies contributed
to the advancement and development of the cSLO
technology for assessment of the optic nerve
head. In 1993, Weinreb et al. recommended
acquiring multiple images at each visit, and
showed that with three images one could obtain
excellent reproducibility within a short time for a
reasonable cost [28]. This study led to the imple-
mentation of software that automatically acquires
three sets of three-dimensional images each time.
If the quality of images in at least one of the series
is not good enough (for reasons such as fixation
loss), the acquisition is automatically continued
until three useful series are obtained. The same
group also showed the SLO imaging is highly
reproducible in patients with [29] or without undi-
lated pupils [30]. There was no significant differ-
ence between the standard deviation of a single
height measurement in normal and glaucomatous
eyes. No correlation was found between standard
deviation of the measurements and pupil size or
age of the subject [29]. Zangwill et al. demon-
strated a moderate agreement between clinicians
and a HRT in estimating cup/disc ratios with the
highest disagreements in discs with gradual slopes
and pallor. New quantitative criteria then were
established for characterizing a disc as glaucoma-
tous using HRT [31]. A quantitative method was
then developed for analysis of the topographic
relationship between structural and functional
damage in patients with glaucoma [32].

In 1998, Wollstein and associates introduced
the Moorfields Regression Analysis (MRA) to the

HRT. The MRA classification technique com-
pares global and local rim area measurements
(reference plane dependent) to a normative data-
base taking into account disc area and age [33]. A
few years later, a machine-learning based diag-
nostic classifier called the Glaucoma Probability
Score (GPS) was introduced and implemented in
the third generation of the HRT (HRT III). The
GPS was one of the earliest applications of
machine learning in the ophthalmic field, using a
geometric model to describe the shape of the optic
disc/parapapillary retina (globally and locally)
based on five parameters (cup size, cup depth, rim
steepness, horizontal retinal nerve fiber layer cur-
vature, and vertical retina nerve fiber layer curva-
ture) [34]. These parameters are then interpreted
by a relevance vector machine classifier [35] and
the resulting output describes the probability that
the eye is glaucomatous (based on fit to training
data from healthy and glaucoma eyes). This tech-
nique does not depend on an operator drawn con-
tour line or a reference plane and is therefore
operator independent (Fig. 5.2). Results from
both classification techniques are reported as
‘within normal limits’, ‘borderline’ or ‘outside
normal limits’ globally, and for each of six disc
sectors relative to the normative data.

In 2000, Chauhan et al. [36] introduced
Topographic Change Analysis (TCA), a progres-
sion analysis tool that became a gold-standard in
the assessment of glaucomatous ONH changes.
The TCA quantifies the change in the topography
of the ONH using the first image as the baseline
and the subsequent images as follow-up exami-
nations. The TCA does not require a defined con-
tour line to determine areas of significant change
as it assesses the height of the optic disc and reti-
nal surface at each follow-up measurement and
compares these to the baseline measurement. The
images are further analyzed using an array of
4 x 4 pixels, called super-pixels. Superpixels
allow for pooling over a larger area and yield
more repeated measures for analysis. In steep
areas like the edge of the cup, the variability is
greater than that in flat areas. The topographic
measurement of a superpixel (4 x 4 pixels) and an
analysis of variance model for each superpixel is
then calculated.
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Fig.5.1 After manually delineating the optic disc margin
by placing a contour line along the inner edge of the
scleral ring at the baseline exam, stereometric parameters
are provided to describe the retinal topography of each
image. Stereometric parameters include: disc area (area

within contour), rim area (area within contour and above
reference plane), cup area (area within contour and below
reference plane), rim volume, cup volume, mean cup
depth, mean height of contour, an indirect measure of reti-
nal nerve fiber layer (RNFL) thickness, and cup shape
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Fig. 5.2 The Glaucoma Probability Score (GPS) uses a
geometric model to describe the shape of the optic disc/
parapapillary retina (globally and locally) based on five
parameters. The resulting output describes the probability
that the eye is glaucomatous. This technique does not

depend on an operator drawn contour line or a reference
plane and is therefore operator independent. Results are
reported as ‘within normal limits’, ‘borderline’ or ‘outside
normal limits’ globally, and for each of six disc sectors
relative to the normative data
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5.2.2 Clinical Validation

The combination of these HRT (cSLO) diagnos-
tic tools became the gold standard for imaging
and monitoring of the optic nerve head in glau-
coma, in the early- to mid-2000s. Several large
and seminal studies contributed to the validation
of the diagnostic parameters offered by the HRT.

Bowd et al. validated the clinical utility of this
tool by showing that TCA parameters can dis-
criminate between progressing glaucoma eyes
and longitudinally observed healthy eyes, sugges-
tive of the ability of the HRT with TCA to detect
early ONH changes due to glaucoma [37]. The
Ocular Hypertension Treatment Study (OHTS),
sponsored by the National Institutes of Health/
National Eye Institute, is a multicenter random-
ized clinical trial designed to evaluate the safety
and efficacy of topical glaucoma medication in
delaying or preventing the onset of glaucomatous
VF loss or optic nerve deterioration in partici-
pants with ocular hypertension [14, 38]. In OHTS,
the presence of clinically significant disc changes
during follow-up was determined by evaluation of
serial stereoscopic optic disc photographs.

The Confocal Scanning Laser Ophthalmoscopy
Ancillary Study to the Ocular Hypertension
Treatment Study was the first multicenter clinical
trial to use ¢cSLO imaging to monitor changes in
the optic disc [39]. This study evaluated the
effectiveness of various HRT parameters in
detecting the presence and progression of glauco-
matous optic disc damage and determined
whether optic disc topographic measurements are
an accurate predictor of visual field loss. The 451
participants in the OHTS CSLO ancillary study
were recruited from seven of the 22 OHTS cen-
ters and the HRT examinations were obtained
annually after pupillary dilation at the time of
scheduled OHTS fundus examination and optic
disc photography.

The baseline data from OHTS indicated that
c¢SLO measurements correlated well with expert
evaluation of stereoscopic photography and that
differences in topographic optic disc parameters
between African Americans with ocular hyperten-
sion and other racial groups are largely explained
by the larger optic disc area in the African

Americans [38—40]. This latter result highlighted
the need to consider race and optic disc size when
evaluating the appearance of the optic disc in
glaucoma. Therefore, several of the parameters
implemented in the HRT are reported and com-
pared to a race specific normative database.

5.2.3 Surrogate Endpoints
and Progression

The HRT neuroretinal rim parameters have been
shown to be predictive of functional loss and to
serve as suitable surrogate endpoints in glaucoma
clinical trials [15, 41-44]. The OHTS data also
showed that baseline topographic optic disc mea-
surements can predict the onset of primary open
angle glaucoma in patients with ocular hyperten-
sion [15]. OHTS results suggest that baseline
GPS, MRA, and stereometric parameters alone
or when combined with baseline clinical and
demographic factors can be used to predict the
development of POAG endpoints in OHTS par-
ticipants and are as effective as stereophoto-
graphs for estimating the risk of developing
POAG in ocular hypertensive subjects [15, 41].
In 2008, Alencar et al. assessed whether baseline
GPS results are predictive of progression in
patients suspected of having glaucoma. Their
study results showed that baseline GPS are in fact
predictive and that they perform as well as sub-
jective but expert assessment of the optic disc.
They further suggested that the HRT GPS could
potentially replace stereophotographs as a tool
for estimating the likelihood of conversion to
glaucoma [42]. In 2009, Chauhan et al. con-
cluded that patients that presented with glauco-
matous visual field progression were up to three
times more likely to have prior disc changes as
measured on TCA [43]. Medeiros et al., showed
that progressive rim area loss, as defined by the
HRT parameters, was highly predictive of the
development of visual field loss in glaucoma and
explained a significant proportion of the effect of
treatment on the clinically relevant outcome [44].
They suggested that rim area measurements may
be suitable surrogate endpoints in glaucoma clin-
ical trials [44].
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The Diagnostic Innovations in Glaucoma
Study (DIGS) and the African Descent and
Glaucoma Evaluation Study (ADAGES) are
large multi-center ongoing studies that include
normal subjects, patients with glaucoma, and
glaucoma suspects, who are semi-annually evalu-
ated clinically and with several functional and
optical imaging tests including HRT and
SD-OCT. The 3-site collaboration includes the
Hamilton Glaucoma Center at the Veterbi Family
Department of Ophthalmology (RN Weinreb),
University of California, San Diego (UCSD)
(Data Coordinating Center) (L Zangwill),
Columbia University and the New York Eye and
Ear Infirmary (J Liebmann), and the Department
of Ophthalmology, University of Alabama,
Birmingham (C Girkin and M Fazio) [45, 46].

Results from DIGS confirmed earlier reports
of the comparability of stereophotograph based
cup-to-disc ratio measurements and HRT mea-
sures in predictive models [47]. The same group
also concluded that the presence of optic disc
damage on stereophotographs is highly predic-
tive of future development of functional loss
[48]. They later showed that the rate of rim area
loss measured using HRT is approximately 5
times faster in eyes in which POAG developed
compared with eyes in which it did not. The
results of this study, suggest that measuring the
rate of structural ONH change using cSLO-based
parameters can provide important information
for the clinical management of ocular hyperten-
sive patients [49].

The ADAGES group characterized the rate
and pattern of age-related and glaucomatous neu-
roretinal rim area changes in subjects of African
and European descent, using HRT parameters.
They showed that compared with healthy eyes,
the mean rate of global rim area loss was 3.7
times faster and the mean rate of global percent-
age rim area loss was 5.4 times faster in progress-
ing glaucoma eyes [50].

5.2.4 Summary

Heidelberg Retina Tomograph ¢SLO technology
introduced the ability to objectively quantify var-

ious diagnostic parameters for the assessment
and management of glaucoma. The technology’s
diagnostic parameters offer clinicians with an
objective and precise method to aid their decision
in the diagnosis and management of the disease,
while also serving as potential surrogate end-
points in clinical trials. A more recent imaging
technology, spectral domain optical coherence
tomography (SD-OCT), which also enables to
objectively image and assess the optic nerve head
as well as the retinal nerve fiber layer and mac-
ula, has been established as the most current
commonly used diagnostic imaging aid for
glaucoma.

5.3  SPECTRALIS SD-OCT

With the introduction of SD-OCT, it has become
possible to image ocular structures in three
dimensions with high axial resolution, fast scan
rates, and high contrast. These advances have
improved visualization of small details and pro-
vided a platform for precise analytics. The bene-
fits of SD-OCT technology, combined with
eye-tracking algorithms that enable precise scan
registration from session to session allow for reli-
able removal of errors induced by eye move-
ments. The resulting scans offer detailed
visualization of retinal structures and provide
accurate segmentation of the anatomical bound-
aries used in advanced analytics.

The SPECTRALIS SD-OCT (Heidelberg
Engineering GmbH, Heidelberg, Germany)
incorporates a real-time eye tracking system
(TruTrack™) that couples ¢cSLO and SD-OCT
scanners to adjust for eye movements and to
ensure that the same precise location of the retina
is scanned time after time (Fig. 5.3) reducing
variability across longitudinal measurements
used for monitoring disease progression. This
method also allows B-Scans to be re-sampled in
the same location to improve the signal-to-noise
ratio (SNR), a technique called Automatic Real-
time Tracking (ART).

The standard SPECTRALIS SD-OCT glau-
coma software includes RNFL thickness mea-
surements derived from a 12° circle scan,
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Fig. 5.3 A core technology of the SPECTRALIS is
TruTrack (a), a dual-beam tracking system which pro-
vides very important clinical benefits such as retinal rec-
ognition, follow-up scanning, precise co-localization of

manually centered by the operator on the optic
disc. The RNFL thickness analysis then provides
sectorial and global measurements that are com-
pared with a reference database of healthy con-
trols. The RNFL thickness values for a scan are
classified using a 6-sector analysis, and sectors
can be flagged green (“Within Normal Limits”),
yellow (“Borderline”), and red (“Outside Normal
Limits”). RNFL parameters of the SPECTRALIS
have been evaluated relative to other commer-
cially available SD-OCT devices and shown to be
as specific, sensitive, and repeatable [51, 52].

While several SD-OCT devices are commer-
cially available, Heidelberg Engineering has
included several unique features and functional-
ities with the intent to account for relevant factors
that may influence the resulting diagnostic
parameters. The Glaucoma Module Premium
Edition (GMPE) offers new scan patterns and an
updated reference database that was acquired
using these new features and functionalities,
designed to enhance and support the clinical
assessment of glaucoma by accounting for ana-
tomic variability of each eye to improve
classifications.

5.3.1 Clinical Assessment of Optic

Nerve Head Parameters

The retinal ganglion cell (RGC) axons comprise
the RNFL with axons exiting the eye via the optic

With Noise Reduction

fundus images with depth-resolved information in OCT-
scans. This system also enables the Automatic Real-time
Tracking (ART) technique for image averaging to improve
image quality by reducing noise (b)

nerve head. The health of the optic nerve head
can be assessed based on the amount of neuro-
retinal rim tissue present. Because the axons exit-
ing the eye make up a significant portion of the
neuroretinal rim, its loss is associated with RGC
and axonal degeneration, both of which are char-
acteristic of glaucomatous damage. The optic
disc constitutes the clinically visible surface of
the neural and connective tissues of the ONH. The
health of the neuroretinal rim is defined using
two landmarks: the optic disc margin and the
optic cup margin. These two landmarks define
the outer edge (clinical disc margin) and inner
edge (optic cup margin) of the neuroretinal rim.
The amount of rim tissue then is estimated within
the apparent plane of the disc margin as either the
ratio of the size of the cup to the size of the disc
[53] or the rim area [54]. An eye that exhibits a
large CDR is indicative of potential glaucoma-
tous damage as axonal loss results in expansion
of the optic disc cup. However, both the optic
disc and cup margin are defined subjectively and
are difficult to delineate consistently [55].
Therefore, the resultant CDR and clinical neuro-
retinal rim quantification are variable.
Furthermore, these concepts are applied whether
the examination is performed with direct oph-
thalmoscopy, slit-lamp biomicroscopy, optic disc
photography, or a number of quantitative imag-
ing methods.

The more recent SPECTRALIS SD-OCT with
OCT2 Module technology provides a new level
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of high-resolution imaging of ONH anatomic
features that are affected in glaucoma. Clinicians
can now visualize optic nerve structures such as
the anterior and posterior lamina cribrosa sur-
faces, Bruch’s membrane-retinal pigment epithe-
lium complex and its termination within the ONH
border, tissue of Elschnig, and the scleral canal
opening [55-65]. Studies show that accurate co-
localization of fundus photographs to SD-OCT
image data allows clinicians to identify structures
that correspond to common clinical landmarks
such as the optic disc margin [56, 66].
SPECTRALIS imaging and measurement of the
ONH landmarks support interpretation of fundus
images and can objectively assist in clinical
assessment of the nerve in three dimensions.

5.3.2 Bruch’s Membrane Opening
(BMO) in SD-OCT-Based
Neuroretinal Rim Measurements

More recent SD-OCT imaging studies have chal-
lenged concepts of the clinical disc margin and

Border Tissue of
Elschnig

-

. A
Anterior Lamina
Cribrosa

Circle of Zinn-Haller

rim quantification from both anatomic [55] and
geometric [66—68] perspectives. The termination
of Bruch’s membrane at the ONH marks the
opening through which retinal ganglion cell
axons exit the eye to form the choroidal and
scleral portions of the neural canal. Because
axons cannot pass through an intact Bruch’s
membrane to exit the eye, this anatomic opening,
termed Bruch’s membrane opening (BMO), is a
true anatomical border of the neural tissue. Thus,
the BMO is a stable anatomical landmark from
which neuroretinal rim measurements can be
made (Fig. 5.4) [69].

However, Bruch’s membrane is a very thin
anatomical structure that is about 2-5 pm thick,
and it appears as a hyper-reflective layer on
SD-OCT that is approximately as thick as the
RPE, around ~14-16 pm [70]. High-resolution
and excellent signal-to-noise ratio (SNR)
SD-OCT images are needed in order to detect the
reflectance of bounding surfaces. It has been
shown that the SPECTRALIS SD-OCT can con-
sistently identify the BMO and that these images
correlate to ground-truth ONH histology, as

GCL
IPL

INL
OPL
ONL

ELM
Ellipsoid

- =
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Fig.5.4 The BMO represents a stable structure through which all axons exit the eye. Because blood vessels and axons
cannot pass through Bruch’s membrane, it is considered an appropriate anatomical boundary of the optic disc
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Fig. 5.5 (a) Electron microscopy of Bruch’s membrane
shows the basal membrane of the choriocapillaris, colla-
gen layers, elastic layer, and basal membrane of the

shown in Fig. 5.5 [56, 66, 71]. Finally, the stabil-
ity of BMO under a variety of conditions pro-
vides another rationale for its usefulness as a
landmark over time [69]. BMO also is unaltered
by large changes in IOP induced by glaucoma
surgery, as the two-dimensional plane that best
fits BMO is axially stable with surgical reduction
of IOP [72].

The orientation of the neuroretinal rim relative
to the BMO varies around the ONH because
axons can exit the eye along varying paths, rang-
ing from parallel to the visual axis to perpendicu-
lar to it [73]. In order to correctly account for
these variations, studies have demonstrated that
the minimum distance from BMO to the internal
limiting membrane represents the most geometri-
cally accurate measurement of neuroretinal rim
width [66-68]. This neuroretinal rim measure-
ment has been termed Bruch’s Membrane
Opening—Minimum Rim Width (BMO-MRW).
Studies have demonstrated the usefulness of
BMO-MRW in the detection of progressive ONH
change in experimental animal models of glau-
coma and in human eyes [69, 74]. The BMO-
MRW is diagnostically specific and sensitive for
detecting glaucoma, and it enhances the clinical

RPE. Panels (b) and (¢) show ONH histology of Bruch’s
membrane, along with its corresponding appearance on
SD-OCT. Images courtesy Christian Mardin, MD

assessment of the optic disc [75]. The BMO-MRW
parameter provides better diagnostic perfor-
mance than the original gold-standard HRT anal-
yses [76]. Ultimately, the BMO-MRW and
RNFLT measurements have been shown to com-
plement each other in the assessment and moni-
toring of glaucoma [77].

The SPECTRALIS GMPE optic nerve head-
radial and circle (ONH-RC) scan acquires 24
radial and three concentric circle scans, with
diameters of 3.5, 4.1 and 4.7 mm, centered on
the BMO (Fig. 5.6). The radial scans define 48
BMO points that serve as the basis for the BMO-
MRW measurements, and the three circumpap-
illary RNFL scans offer complementary RNFL
thickness measurements that capture valuable
information away from the optic nerve head.
The BMO-MRW measurements of the radial
scans and the RNFL measurements of the three
circle scans are both adjusted for BMO area and
age. The circle scans show comparable diagnos-
tic performance, and in patients with large areas
of peripapillary atrophy, the outer scans may
offer reliable RNFL measurements when the
conventional 3.5 mm scan is confounded by
atrophy [78].
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Fig. 5.6 The ONH-RC scan pattern produces 24 line
scans and 48 BMO endpoints, shown in (a). The three

concentric circumpapillary scans have a diameter of

3.5 mm (b), 4.1 mm (c), and 4.7 mm (d). The three scans
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often offer complementary information and can confirm
the presence of focal RNFL wedge defects that broaden
away from the ONH (white arrows). Images courtesy
Maria Pilar Bambé, MD, PhD




118

R.N. Weinreb et al.

5.3.3 Anatomic Variation: Position
of the Fovea Relative
to the Center of the ONH

On average, the fovea is located 7° below the
level of the center of the ONH, but the angle can
vary from 6° above to 29° below [79]. Although
the positions of the fovea and ONH center vary
considerably between subjects, the anatomic path
of RNFL bundles is governed primarily by these
two structures as the bundles approach the ONH
and exit the eye [80, 81]. In fundus images, the
positions of the fovea and ONH also may vary
slightly within the same individual from day to
day because of cyclotorsion [82], but the path of
RNFL bundles remains constant relative to the
fovea-BMO center (FOBMOC) axis as shown in
Fig. 5.7 [81].

The FoBMOC axis could significantly vary
between the two eyes of one individual. A clini-
cal example of this disparity is shown in Fig. 5.8.
If these variations are not taken into account, it
may lead to artificially large inter-individual dif-
ferences in sectoral measurements, reducing the
diagnostic precision of the device. Errors in map-
ping ocular structures to the visual field also may
be induced that could contribute to the somewhat

Fig. 5.7 Even as the angle of the fovea to the center of
the ONH changes due to cyclotorsion or anatomical dif-
ferences, the arcuate path of the RNFL bundles remains
constant to this axis. This can be seen from the tracing of
the RNFL fibers from the nerve to the fovea in (a). For 11

poor correlation between measures of structure
and function observed in glaucoma [83, 84].

To account for these issues, the SPECTRALIS
GMPE offers a proprietary feature called the
“Anatomic Positioning System” (APS). Image
acquisition using the APS ensures that OCT
images are acquired at fixed and known retinal
locations relative to certain anatomical land-
marks: the center of the fovea and the center of
Bruch’s membrane opening. The process of
defining the APS landmarks is semi-automated
within data acquisition, and the operator is able
to adjust and confirm the landmarks that the
device detects (Fig. 5.9). All subsequent GMPE
scans are aligned to the baseline landmarks and
are automatically oriented according to the
patient’s FOBMOC axis. FOBMOC-aligned scans
ensure all eyes are anatomically aligned correctly
and compared with healthy control eyes regard-
less of anatomical differences, thereby improving
accuracy of the sector analysis (Fig. 5.8).

While the APS landmarks serve as the basis
for accurate baseline measures of each individual
eye, the previously mentioned TruTrack eye-
tracking feature accounts for changes in head
position and ensures precise placement of follow
up scans, both important for maintaining accurate

different eyes, the optic nerve position varies relative to
the fovea as shown in (b), but alignment of the images in
(c) illustrates the consistent path of the RNFL bundles.
Figure 15 of [81], reprinted with permission
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Fig. 5.8 The range of angles for the fovea to center of
ONH axis is large across a population. In these five exam-
ples, the fovea is +1.5° in (a), —3.3° in (b), —8.3° in (c¢),
—11.9°1n (d), and —16.0° in (e). Variability can also occur
between the two eyes of a single patient, as seen in (f) with

comparison to the reference database and when
assessing progression [85].

5.3.4 Anatomic Variation: ONH size
and Ocular Magnification
Impact RNFL Measurements

In 1996, Schuman et al. reported that a circle
diameter of 3.4 mm was the most accurate and

an angle of +0.4° OD and —11.0° OS. The three white
lines through the ONH in (f) represent the 6-sector
Garway-Heath classification regions and are shifted
according to the angle

reproducible scan size for RNFL thickness mea-
surements [86]. Since then, most OCT instru-
ments and studies have used circular scans with a
diameter very close to 3.4 mm, independent of
ONH size. However, it is now generally recog-
nized that the optic disc size shows a high inter-
individual variability, with areas ranging between
0.8 and 6.00 mm?in normal eyes [87]. Histological
studies have shown that RNFL thickness
decreases with increasing distance from the optic
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Fig. 5.9 The operator confirms the automated detection
of both the fovea (a) and the BMO (b) positioning within
the acquisition window. These anatomic positioning sys-

disc margin [88]. Because of this, RNFL thick-
ness is increased in larger optic discs when mea-
sured with a fixed scan size [89-91]. These
studies indicate that using a fixed scan diameter
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tem (APS) landmarks serve as the placement points for
the ONH-RC scan

without adjusting for ONH size introduces incon-
sistencies and reduces measurement accuracy.
Scaling scan diameter according to the ONH
margin may provide a more accurate diagnostic
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RNFL thickness measurement. For this reason,
the SPECTRALIS GMPE results account for the
size of the ONH (defined as BMO area) when
comparing each eye’s RNFL thickness and
BMO-MRW values with the respective reference
database.

Visualization and SD-OCT imaging of the
ONH are also affected by ocular magnification
[92-96]. Magnification is determined by two fac-
tors: axial length and corneal power. In eyes with
longer axial length, the actual diameter of a fixed-
size OCT scan will be larger when it reaches the
retinal plane. The cornea provides approximately
two-thirds of the eye’s total optical power and
plays a significant role in determining the scan
size on the retina. Without ocular magnification
corrections, OCT scans may not correctly scaled,
leading to inconsistent measurements of RNFL
thickness. The SPECTRALIS GMPE software
allows the user to adjust for magnification during
acquisition by entering individual corneal curva-

CC 9.2 (APS)

Global Difference
11 pm

ture values and by bringing the optic nerve into
sharp focus on the cSLO image (Fig. 5.10).

5.3.5 Factors that May Confound
Measurements
and Classifications: Age, Axial
length, and Tilted Discs

There is a negative association between RNFL
thickness and age that may explain the higher
rate of glaucoma detection in older individuals
[97]. The GMPE reference database accounts for
this known decline in RNFL thickness due to
age. The values collected for the reference data-
base also show a statistically significant negative
correlation between age and BMO-MRW, and
the software RBD comparisons take into consid-
eration this relationship. The reference database
also shows a negative correlation between BMO
area and MRW (larger BMO area associated

CC 7.7 (APS) CC 6.2 (APS)

Global Difference
15pm

Fig. 5.10 The operator can input the corneal curvature
value for each eye so that the fixed-millimeter circle scans
are correctly scaled relative to the fundus cSLO image and
corresponding ONH size. This figure shows the range that
the circle scans cover across the minimum and maximum
corneal curvature values. This eye has a measured corneal
curvature (CC) of 7.7 mm. Note that with a high CC value,
the circle scans are closer to the disc margin than they

should be. With lower CC values, the scans are farther
from the disc margin than they should be. Because the
RNFL is thinner with increasing distance from the disc
margin, the sectorial and global results compared with the
reference database are considerably different due to
changes in scaling and magnification that are caused by
the disparate corneal curvature values
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with thinner MRW) and a positive correlation
between BMO area and circumpapillary RNFL
thickness (larger BMO area associated with
thicker cpRNFL measurements), so the refer-
ence database comparisons also are scaled by the
BMO area.

As axial length and spherical equivalent (SE)
refractive error increase, the measured average
RNFL thickness decreases [98, 99]. This ana-
tomic relationship can decrease the diagnostic
power of a reference database, and most devices
have a defined range of SE values of —6 to +6
diopters. Even within the included diopter range,
the RNFL thickness profile plotted in the circular
TSNIT (temporal-superior-inferior-nasal-tempo-
ral) profile can be shifted (Fig. 5.11). Considering
these anatomical variations, when the SD-OCT
reference database metrics do not agree with
visual field tests and/or the clinical examination,
it may be helpful to review the SD-OCT B-Scans
in order to evaluate the overall appearance of the
RNFL to help confirm a positive or negative glau-
coma diagnosis. The high-quality SPECTRALIS
B-Scans offer the detail to evaluate these struc-
tures. It may also be useful to consider macular
GCL thickness and BMO-MRW measurements
in such cases [100, 101].

The tilted disc phenomenon is another con-
founding anatomical feature that can affect glau-
coma diagnosis. Tilted discs can be congenital or,
more commonly, can occur in cases of myopia. In
these eyes, the axons exit the eye via the ONH at
angles that make assessment of the BMO center
and BMO-MRW challenging. In addition, such
anatomic anomalies result in arcuate RNFL pat-
terns that are not accounted for in SD-OCT refer-
ence databases, making RNFL thickness
comparison inconclusive, especially in the tem-
poral region [100, 102]. Also, the distribution of
RNFL in eyes with tilted discs is shifted accord-
ing to the direction of the tilt [103]. Visual field
defects also may mimic glaucomatous defects,
further confounding the presentation [104].
These characteristics should be considered when
applying SD-OCT to the interpretation of RNFL
measurements in eyes with tilted discs (Fig. 5.12).
A brief inspection of the SPECTRALIS cSLO
image and the BMO-MRW radial B-Scans can

clearly show BMO-MRW asymmetry and con-
firm the presence of a tilted disc.

5.3.6 Posterior Pole: Macular
and Asymmetry Analyses

The density of RGCs is highest in the macula,
and the ganglion cell layer (GCL) measured by
SD-OCT is thickest surrounding the fovea. Loss
of these cell bodies has been shown to be indica-
tive of early glaucomatous damage [105]. Studies
have also shown that glaucomatous damage
results in characteristic patterns of ganglion cell
degeneration in the macula. These patterns of
loss present as arcuate patterns that correspond to
the arcuate RNFL patterns of loss, confirming
that the ganglion cell somas and their respective
axons are degenerating. Such observations have
led to the concept of “macular vulnerability
zones” in the temporal inferior and temporal
superior sectors [81]. Therefore, when reviewing
OCT diagnostic results, it is important to assess
anatomically corresponding ONH, RNFL and
macula data in order to detect patterns common
to glaucomatous damage.

The superior and inferior GCL are symmetric
across the fovea in healthy eyes, and assessment
of vertical GCL asymmetry across the fovea may
be a sensitive method for detection of early glau-
comatous damage [106]. Early damage also may
be present asymmetrically between eyes [107,
108]. Macular analysis may be especially impor-
tant for patients classified as “Glaucoma
Suspects” by ophthalmic exam, and a study found
that glaucoma suspects with macular thinning
were more likely to subsequently present with
visual field loss [109].

The GMPE posterior pole horizontal (PPoleH)
scan offers macular thickness maps of total reti-
nal thickness as well as the individual GCL, inner
plexiform layer (IPL), and macular RNFL thick-
nesses. The Posterior Pole Asymmetry Analysis
(PPAA) is derived from PPoleH total retinal
thickness, and offers a quantitative and illustra-
tive method to assess the asymmetric loss of mac-
ular tissues between the superior and inferior
macula as well as between eyes (Fig. 5.13). This
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Referonce database: European Descest (7014)

Fig. 5.11 In cases of increased axial length, the RNFL
thickness values in the superior and inferior regions may
be shifted towards the nasal or temporal sectors. In (a), the
normal TSNIT profile has peaks that correspond to the age
and BMO-adjusted reference database mean (green shad-
ing, solid green line). In a case of myopia (b), the increased
axial length causes a shift of the superior and inferior

feature allows clinicians to confirm that the pat-
terns of loss observed on the PPAA and the total
retinal thickness maps is in agreement with gan-
glion cell degeneration patterns that are charac-

RNFL thickness peaks. This causes the 6-sector Garway-
Heath analysis to flag the sectors “Outside Normal
Limits,” but visual inspection of the SD-OCT B-Scans
shows a normal, healthy RNFL. Images courtesy Daniel
Fuller, OD, Michael Gerstner, OD, and Christopher
Lievens, OD, MS

teristic of glaucoma (Fig. 5.14). Regardless of
which layers are assessed, macular parameters
have been shown to add value as diagnostic tools
in the detection of glaucomatous damage [110].
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Fig. 5.12 A titled disc can be seen on the fundus photo-
graph (a), and the corresponding BMO endpoints can be
identified on the radial scans through the ONH (b).
Similar to cases of increased axial length, there can be
shifts in the TSNIT profile of BMO-MRW that cause

5.3.7 Detection of Glaucomatous
Progression with OCT

Considering that most forms of glaucoma are
slowly progressing optic neuropathies character-
ized by the loss of RGCs and their axons, the
detection of glaucomatous progression is a criti-
cal aspect of disease management. The identifica-
tion of structural glaucomatous changes, such as
progressive thinning of the RNFL and narrowing
of the neuroretinal rim, assists clinicians in con-
firming the initial diagnosis. More importantly,
detecting these changes over time provides clini-
cians with the information they need to make
decisions about further treatment to prevent addi-
tional glaucomatous visual impairment.

false-positive comparisons to the reference database.
Visual inspection of the SD-OCT B-Scans reveals a
healthy neuroretinal rim. Images courtesy Mohammad
Rafieetary, OD

In order to accurately assess progression, test
measurements need to have adequate reproduc-
ibility [111, 112]. If test measurements have poor
reproducibility or are contaminated by noise,
detection of true structural loss is not possible.
Pierro et al. evaluated retinal nerve fiber layer
thickness (RNFLT) measurements using seven
different OCTs (spectral- and time-domain), to
assess inter- and intra-operator reproducibility of
RNFLT [113]. They determined that the
SPECTRALIS SD-OCT showed the best repro-
ducibility among the tested devices. The
SPECTRALIS eye tracking and ART image
acquisition help provide high-quality OCT
B-Scans, which in turn allow for reproducible
segmentation of the RNFL. In a separate study of
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Fig.5.13 The 61-line posterior pole horizontal scan pro-
duces a total retinal thickness color map (lower left). The
8 x 8 grid of thickness values serves as the basis for the
Posterior Pole Asymmetry Analysis (PPAA) in the lower
right panel. The difference in thickness for each corre-
sponding square across the horizontal meridian is shown,

clinically relevant reproducibility, Wessel et al.
used the SPECTRALIS SD-OCT to measure cir-
cumpapillary RNFLT (cpRNFLT) in healthy con-
trols and glaucoma patients over 3 years [114].
Glaucoma subjects were classified as progressing
or non-progressing by masked grading of stereo-
scopic optic disc photographs, and the study
showed that the SPECTRALIS measured a
cpRNFLT loss of 0.6 pm/year in healthy eyes, a
loss of 1.2 pm/year in non-progressing eyes, and
a loss of 2.1 pm/year in progressing subjects.
Miki et al. showed that the rate of global RNFL
loss was more than twice as fast in eyes that
developed visual field defects compared with
eyes that did not develop a defect [16]. These
findings indicate that SD-OCT imaging can be
used to detect glaucomatous changes beyond

Hemisphere Asymmetry
S-1 -
-
?
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with darker values indicating a larger asymmetric differ-
ence in thickness. This analysis can be used to visualize
and quantify areas of retinal thickness loss that are charac-
teristic of glaucoma. Images courtesy Shinji Ohkubo,
MD, PhD, and Kazuhisa Sugiyama, MD, PhD

losses from normal aging and beyond the possi-
ble noise in repeated measurements.

The ability of a device to measure change over
long periods of time also depends on its dynamic
range (i.e. the maximum and minimum RNFL
thickness measurements that can be reliably
made). The lower end of the dynamic range is the
“floor” of the measurement, or the minimum
layer thickness that is reliably measureable. It is
important for an SD-OCT device to have a large
dynamic range and a low “floor” value in order to
be able to monitor disease progression over time,
particularly in advanced glaucoma. The global
cpRNFLT dynamic range of the SPECTRALIS
has been shown to be larger than comparable
devices, while also offering a lower floor [115].
Nevertheless, monitoring advanced glaucoma
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Fig. 5.14 Segmentation of the PPoleH scans between the RNFL and the ganglion cell layer (GCL) provides a GCL
thickness color map. In this eye, the same as in Fig. 5.13, there is clear GCL loss in the inferior temporal region

using standard structural and functional testing is
extremely difficult for the treating clinician
because both standard structural and functional
tests that usually guide treatment decisions are of
diminished value. Standard structural measures
have a limited dynamic range and visual field
(VF) test points are more variable in advanced
disease [81, 115-120]. However, Belghith et al.
have shown that even in very advanced glau-
coma, structural loss can be detected in some
eyes using standard global structural measures
with macular GCIPL identifying the highest pro-
portion of eyes with detectable change, followed
by MRW and cpRNFL [121]. In a subsequent
study, Bowd et al. concluded that in advanced
glaucoma, more macular tissue remains above
the measurement floor compared with other mea-
surements, suggesting that macular thickness is
the better candidate for detecting progression of
such eyes and that progression with SD-OCT

measurements is observable in advanced disease
[122-125].

5.3.8 Summary

Because every eye is unique, it is also important
for imaging technologies to incorporate analysis
tools that allow for the detection of change in a
specific eye over time. The SPECTRALIS
SD-OCT provides follow-up scans that are co-
registered to baseline imaging, which improves
repeatability and makes measurement more pre-
cise. The combination of high reproducibility,
large dynamic range, a low measurement floor
and multiple diagnostic parameters such as the
BMO-MRW, cpRNFL and macular thickness
measurements allows the device to offer a precise
and clinically sensitive progression analysis for
all stages of the disease.
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Several studies have investigated the diagnos-
tic performance of various SD-OCT parameters
in a standard ophthalmic environment, and the
literature suggests that circumpapillary RNFL
thickness, ONH, and macular parameters are spe-
cific and sensitive for the detection of glaucoma
[107, 126-128]. The SPECTRALIS GMPE soft-
ware offers multiple measurements of ocular
structures that, taken together, can offer confir-
matory information and increase confidence in
the diagnosis. It has been shown that multiple
parameters, when used effectively and with cau-
tion, are better than any single parameter for
diagnosis and management of glaucoma [129].
More importantly, there is clear utility in looking
beyond reports at the individual OCT scans, as
these can help clarify and reconcile outlying and
aberrant outputs.

54  Summary and Outlook

The development and clinical implementation of
cSLO technology (Heidelberg Retina Tomograph)
was one of the first imaging technologies in oph-
thalmology that introduced the ability to objec-
tively quantify various diagnostic parameters for
the assessment and management of glaucoma.
The technology’s diagnostic parameters offered
clinicians an objective and precise method to aid
their decision in the diagnosis and management
of the disease. While the clinical implementation
of the HRT served to improve patient care, sev-
eral clinical research studies employed SLO
technology to derive potential surrogate end-
points in clinical trials.

SD-OCT is a more recent technology which
also provides objective and quantitative methods
to assess the optic nerve head as well as the reti-
nal nerve fiber layer and macula. A current ver-
sion of this technology, the SPECTRALIS
SD-OCT with OCT2 Module, provides a new
level of high-resolution imaging of ONH ana-
tomic features that are affected in glaucoma. This
device provides clinicians with the ability to
visualize optic nerve structures such as the ante-
rior and in some eyes posterior lamina cribrosa
surfaces, Bruch’s membrane-retinal pigment epi-

thelium complex and its termination within the
ONH border, tissue of Elschnig, choroid, and the
scleral canal opening.

The ability to visualize the relevant ocular
structures in three dimensions in-vivo for the
diagnosis and management of glaucoma and to
carefully implement multiple objective parame-
ters enables clinicians to make more confident
diagnostic decisions. Structural assessment using
the imaging technologies discussed in this chap-
ter provides reproducible quantitative measure-
ments of posterior segment ocular structures
relevant to the disease.

A newer development in OCT technology,
OCT Angiography (OCTA), has sparked interest
in evaluating vascular alterations in the retina and
ONH for diagnosis, staging, and monitoring in
glaucoma. OCTA is an extension of OCT which
allows non-invasive visualization of the retinal
vasculature by detecting signal changes induced
within perfused blood vessels without the use of
exogenous dye. In principle, OCTA compares
sequential B-Scans acquired at the same location
to detect change. As stationary structures would
appear static in sequential B-Scans, changes
detected by OCTA are largely attributed to eryth-
rocyte movement in the perfused vasculatures.

Because OCTA offers the non-invasive assess-
ment of microvasculature in the peripapillary
retina and macula, it is being investigated for its
potential to assess ocular hemodynamics in vari-
ous diseases [130]. Several OCTA studies have
shown reduced microcirculation in the peripapil-
lary retina and the superficial macula of open-
angle glaucoma eyes, with amoderate relationship
between  microvasculature and  function
[131-133].

An early OCTA study suggested that the
OCTA vessel density parameter may identify
glaucomatous damage before focal visual field
defects are detectable [132]. Another study
showed that macular vessel density results corre-
late with central 10-2 visual field defects [133].
The same group also concluded that macular and
peripapillary vascular density measurements
detected changes in retinal microvasculature
before visual field damage in the unaffected eyes
of glaucoma patients presenting with unilateral
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glaucoma [134]. Moghimi et al. showed that
lower baseline OCTA parameters were associated
with a faster rate of RNFL progression in mild to
moderate glaucoma over a mean follow-up of
27 months, suggesting that decreased vessel den-
sity may be a risk indicator for progression [135].

It remains controversial whether OCTA mea-
surements have a higher diagnostic performance
for glaucoma detection compared to conventional
OCT measurements such as RNFL thickness, neu-
roretinal rim width, and macular ganglion cell and
inner plexiform layer thickness. Chen and col-
leagues demonstrated that OCTA-measured vessel
density and circumpapillary RNFL thickness mea-
surements had comparable diagnostic perfor-
mance for the detection of glaucoma suspect and
glaucoma eyes [136]. Another recent study com-
pared the diagnostic performance for glaucoma
detection between OCTA vessel density measure-
ments (defined using a non-commercially avail-
able method) and structural OCT RNFL thickness
measurements. Results indicated that vessel area
density measurements had a significantly smaller
area under the receiver operating characteristic
curve for classifying healthy versus glaucoma eyes
than RNFL thickness measurements [137], in dis-
agreement with several similar studies. However,
classification performance of healthy and glau-
coma suspect eyes were similar for vessel area
density and RNFL thickness measurements. There
is also evidence that deep-layer microvasculature
dropout of the parapapillary choriocapillaris or
microvasculature within the sclera occurs in eyes
with glaucoma and is associated with more severe
visual field damage and occurs more frequently in
eyes with disc hemorrhages and RNFL thinning
[63, 138-140].

While findings from the literature comparing
OCTA and structural OCT measurements for the
detection of glaucoma and evaluation of structure-
function association are divergent, the potential
ability to elucidate the temporal sequence of vas-
cular changes and optic nerve damage in glau-
coma may pave the way for better understating
and management of the disease.

During the past three decades, advancements
in ophthalmic diagnostic imaging technologies
have enabled the ability to detect glaucomatous

neuropathy at early stages of disease. These
advanced imaging technologies provide large
amounts of reproducible data, allowing clinicians
to discriminate between normal and glaucoma-
tous optic nerves in a more systematic way. From
the earlier stages of ¢cSLO imaging to the more
recent implementations of OCT technology, sev-
eral decades of technical and clinical work have
been united and integrated in a high-technology
solution to give physicians the ability to look
deep in the pathological process of glaucoma and
to develop better diagnostics and therapeutic
strategies. The development of ophthalmic diag-
nostic imaging technology and the continued
efforts to enhance it continues to benefit patients
that suffer from glaucoma.

Gerhard Zinser, PhD was an inspiration to us all. He was
a visionary in ophthalmic imaging and an innovative sci-
entist who pursued collaborations and supported new
ideas from investigators and clinicians from all over the
world. He recognized the importance of designing instru-
ments that produce the best quality scans possible, while
also making sure users understood the strengths and limi-
tations of the technology. I have strong memories of sit-
ting for hours with Gerhard and our reading center team in
San Diego reviewing images, developing and refining
quality control criteria and discussing strategies for analy-
sis to ensure that the highest quality information would be
available for the Diagnostic Innovations in Glaucoma
Study (DIGS), the African Descent and Glaucoma
Evaluation Study (ADAGES) and the Ocular Hypertension
Treatment Study (OHTS). Our research was accelerated
through his support of promising research in our labora-
tory, and numerous discussions about how to translate the
results into clinical care. His passing is a great loss to the
vision science community. (Linda Zangwill, PhD)
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