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Preface

Traditionally, a glaucoma specialist simply performed gonioscopy, fundu-
scopic optic disc examination, and visual field testing to diagnose and moni-
tor disease progression. However, imaging technology from ultrasonography
to optical coherence tomography (OCT) and beyond has demonstrated the
vital role of such technological advancements in providing the best possible
care for our glaucoma patients. The masses of literature to date in each area
of glaucoma imaging technology can be overwhelming to even a glaucoma
subspecialist. This book aims to serve as a primer on best practices for clini-
cal integration of imaging technologies, interpretation of imaging, and a
review of the clinically relevant literature of each technology. Furthermore,
we offer an overview on new technological applications such as machine
learning and retinal metabolic imaging, which are likely to become relevant
to the glaucoma subspecialist’s daily practice in the future. It is our hope that
this book is valuable to ophthalmologists in training, comprehensive ophthal-
mologists, and glaucoma subspecialists alike.

Los Angeles, CA, USA Rohit Varma
Benjamin Y. Xu

Grace M. Richter

Alena Reznik

The original version of this book was revised. Affiliation of book editor has been updated.
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Anterior Segment Optical
Coherence Tomography

Benjamin Y. Xu, Jing Shan, Charles DeBoer,

and Tin Aung

Introduction

Anterior segment optical coherence tomography
(AS-OCT) is a relatively new in vivo imaging
method that acquires cross-sectional images of
the anterior segment and its structures by mea-
suring their optical reflections [1]. AS-OCT
devices have rapidly evolved over the past
decade, integrating newer forms of OCT tech-
nology to improve imaging resolution and
speed. Over that time, AS-OCT imaging has
increased in popularity among clinicians and
researchers, especially as a means of studying
the anatomy and biomechanics of the anterior
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segment and its anatomical structures. However,
there are few resources that teach the basics of
qualitative and quantitative interpretation of
AS-OCT images. This chapter acts as a guide
for novice AS-OCT image graders while also
providing the reader with information on OCT
technology, clinical applications of AS-OCT
imaging, and future directions of scientific
research.

AS-OCT Technologies and Devices

AS-OCT imaging produces cross-sectional or
volumetric scans of tissues in vivo or in vitro
with micrometer resolution. Optical coherence
tomography (OCT) technology is somewhat
analogous to ultrasound technology, except that it
utilizes light waves rather than sound waves to
scan tissues. OCT technology relies on the prin-
ciple of backscattered light, which is light that
originates from a source and is reflected as it
passes through materials or tissues. Backscattered
light is detected by a sensor, which compares it to
a reference light beam. The delay between the
two beams provides information about the opti-
cal properties of the imaged material or tissue
and defines boundaries between nonhomoge-
neous structures. In the eye, OCT image resolu-
tion and depth of penetration vary based on
source light intensity and attenuation by inter-
vening tissue structures. There are three commer-
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cially available OCT technologies that have been
applied to AS-OCT imaging: time-domain OCT
and Fourier-domain OCT, which can be subdi-
vided into spectral-domain OCT and swept-
source OCT.

The earliest AS-OCT devices were based on
time-domain OCT technology. Due to limitations
in time-domain OCT technology, early AS-OCT
devices such as the Zeiss Visante (Carl Zeiss
Meditec, Dublin, CA) and Heidelberg SL-OCT
(Heidelberg Engineering, Heidelberg, Germany)
had to sacrifice acquisition speed for spatial
resolution [2]. These devices also used longer,
1310 pm wavelength light in order to increase
imaging depth. As a result, images tended to be
noisy and fine details of ocular structures, such as
the trabecular meshwork, could not be resolved.
In addition, the majority of early AS-OCT stud-
ies of the anterior segment were limited to a
single cross-sectional OCT image acquired
along the horizontal, temporal-nasal merid-
ian. Finally, studies of early time-domain OCT
devices reported poorer reliability and reproduc-
ibility compared to modern Fourier-domain OCT
devices [3-8].

Fourier-domain OCT provides improve-
ments in image quality and acquisition speed
compared to time-domain OCT. Spectral-
domain OCT devices such as the Zeiss
Cirrus (Carl Zeiss Meditec, Dublin, CA) and
Heidelberg Spectralis (Heidelberg Engineering,
Heidelberg, Germany) utilize shorter wave-
length light to produce images with enhanced
spatial resolution, although this comes at
the cost of imaging depth. This improve-
ment enables more consistent visualization of
Schlemm’s canal and distal aqueous outflow
structures on AS-OCT images. However, both
devices require specialized lenses to acquire
images that span the width of the anterior
chamber. The Tomey CASIA SS-1000 (Tomey
Corporation, Nagoya, Japan) is a swept-source
Fourier-domain AS-OCT device that can
acquire up to 128 cross-sectional OCT images
in less than 2 seconds. However, due to its lon-
ger 1310 pm wavelength, its spatial resolution
lags behind spectral-domain devices. Due to
an overall increase in AS-OCT imaging speed,

the convention has shifted toward acquiring
an increased number of images per eye. This
change in methodology has been shown to
increase the accuracy of AS-OCT imaging in
terms of capturing anatomical variations inher-
ent to the angle [9, 10].

Fourier-domain AS-OCT devices demonstrate
excellent intra-examiner and inter-examiner
reproducibility of measurements based on the
location of the scleral spur or Schwalbe’s line
[11-15]. However, the correlation between mea-
surements obtained on different devices varies
depending on the parameter, ranging from poor
to excellent [12, 14]. This difference likely arises
from how different devices account for corneal
refraction, which is a parameter used to scale
and dewarp the corresponding OCT B-scans.
Therefore, AS-OCT measurements should not
be directly compared or used interchangeably
between different devices.

The Iridocorneal Angle:
Role in Aqueous Outflow
and Assessment Methods

The irideocorneal angle is a key component of
the conventional aqueous outflow pathway and
plays a crucial role in the development of ele-
vated intraocular pressure (IOP) and glaucoma-
tous optic neuropathy. Aqueous humor is
produced by the ciliary body and secreted into
the posterior chamber (Fig. 1.1). From the pos-
terior chamber, the aqueous humor flows
through the iridolenticular junction, around the
iris sphincter, and into the anterior chamber.
From there it must pass through the iridocor-
neal angle to gain access the trabecular mesh-
work and distal outflow structures. The
configuration of the iridocorneal angle and its
constituent structures plays an important role in
facilitating or impeding the flow of aqueous
along this pathway. Appositional contact
between the iris and trabecular meshwork can
inhibit normal aqueous outflow, thereby leading
to elevations of IOP, an important risk factor for
the development of glaucomatous optic
neuropathy.
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Fig. 1.1 Cross-sectional diagram of the anterior segment.
Black arrows indicates the conventional aqueous outflow
pathway from the ciliary muscle, around the iris sphincter,
into the anterior chamber, and through the iridocorneal

AS-OCT imaging has modernized examina-
tion of the anterior segment, including the iri-
docorneal angle. However, to understand the
clinical utility of AS-OCT imaging in glaucoma,
it is necessary to discuss gonioscopy and ultra-
sound biomicroscopy (UBM), two angle assess-
ment methods that preceded AS-OCT.

Gonioscopy is the current clinical standard
for evaluating the iridocorneal angle (Fig. 1.2).
Gonioscopy is a contact assessment method
and requires that a specialized lens be placed
on the corneal surface. The goniolens permits
a view of the iridocorneal angle either through
direct examination, in the case of a direct goni-
olens (e.g., Koeppe), or indirect examination
through a mirror, in the case of indirect gonio-
lenses (e.g., Posner-Zeiss, Goldmann). Indirect
gonioscopy is typically preferred over direct
gonioscopy since it can be performed with the
patient seated at a slit lamp, which increases
viewing stability and allows for image magni-
fication. Gonioscopy is also the current clinical
standard for detecting angle closure, defined as
inability to visualize the pigmented trabecular
meshwork, and primary angle closure disease

vein

angle, trabecular meshwork, Schlemm’s canal, interscleral
(collector) channel, aqueous vein, and episcleral vein. Red
line indicates the iridocorneal angle formed by anterior iris
and posterior corneoscleral surfaces

(PACD), defined as gonioscopic angle closure
in three or more angle quadrants [16].
Gonioscopy has several limitations despite
being the current clinical standard. Gonioscopy is
a subjective assessment method requiring consid-
erable examiner expertise. Special attention must
be paid to ensure the slit beam does not cross the
pupillary margin, which can cause pupillary con-
striction and widening of the iridocorneal angle.
Indentation of the cornea by the goniolens can
also induce angle widening or corneal striae, both
of which affect the visibility of angle structures.
Gonioscopy is also associated with high interob-
server variability, even among experienced glau-
coma specialists [17]. These differences may
be related to patient eye deviations or degree of
lens tilting by the examiner, which are aspects of
gonioscopy that are difficult to quantify or stan-
dardize across examinations. Finally, gonioscopy
is a qualitative assessment method. While numer-
ical grades are often assigned to angle quadrants
based on identification of anatomical landmarks,
these numbers are subjective and categorical in
nature. Therefore, there are limited clinical meth-
ods based on gonioscopy to track progression of
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Fig. 1.2 A gonioscopic view of an open iridocorneal angle. Arrows indicate Schwalbe’s line (SL), non-pigmented
trabecular meshwork (NTM), pigmented trabecular meshwork (PTM), scleral spur (SS), and ciliary body (CB)

angle closure over time or assess patient response
to interventions intended to alleviate angle clo-
sure, such as LPI.

UBM is an alternative method to assess the
anterior segment and its structures. UBM utilizes
sound waves that are shorter in wavelength than
those used in conventional ocular ultrasonogra-
phy, which provides increased spatial resolu-
tion at the cost of reduced depth of penetration
through the sclera. UBM provides qualitative and
quantitative assessments of the anterior segment,
including the posterior chamber the ciliary body.
However, studies demonstrate variable reproduc-
ibility of quantitative measurements of anterior
chamber parameters, including those that quan-
tify angle width [18, 19]. UBM is also a contact
assessment method requiring a trained, experi-
enced examiner. Therefore, its use is limited pri-
marily to glaucoma practices or tertiary referral
centers.

AS-OCT provides several advantages over
gonioscopy. AS-OCT imaging does not require
contact, thus minimizing test-induced distor-
tions of angle configuration. Nor does it require
an experienced examiner, as AS-OCT imaging
can be performed by a technician with a limited
amount of training. AS-OCT imaging also pro-
vides quantitative measurements of the anterior

segment and its structures, including the width of
the iridocorneal angle. Gonioscopy also provides
several advantages over AS-OCT. Gonioscopy
can be performed with a goniolens at a slit lamp
and does not require expensive, specialized equip-
ment. Certain qualitative exam findings, such as
peripheral anterior synechiae (PAS) or neovascu-
larization of the angle (NVA), are easier to detect
on gonioscopy than AS-OCT. Finally, the clinical
relevance of gonioscopy is well supported by a
robust body of literature that defines its role in the
detection and management of PACD.

AS-OCT imaging resembles UBM imaging
in that both provide qualitative and quantitative
assessments of the anterior segment. However,
AS-OCT provides several advantages over
UBM. One advantage is improved spatial reso-
lution, which allows for more reliable detection
of key anatomical landmarks, such as the scleral
spur. Another advantage is faster imaging speed
since AS-OCT does not require probe movements
to image different portions of the angle. A third
advantage is its noncontact nature; in the absence
of a probe applied to the ocular surface, the sub-
ject can fixate on a visual stimulus, thereby stabi-
lizing the eye. The combined effect of these two
factors is an increase in inter-observer reproduc-
ibility, especially among modern Fourier-domain
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OCT devices [3-8]. The primary shortcoming
of AS-OCT compared to UBM is its inability to
visualize anatomical structures posterior to the
iris, including the ciliary body. This limits the
utility of AS-OCT in diagnosing certain causes
of angle closure, such as plateau iris syndrome
and iris or ciliary body neoplasms.

Aqueous Outflow Pathways

AS-OCT imaging has been applied to the study
of conventional and nonconventional aqueous
outflow pathways. The trabecular meshwork and
Schlemm’s canal are more easily visible on
shorter wavelength  spectral-domain  OCT
devices, such as Cirrus and Spectralis (Fig. 1.3),
compared to longer wavelength AS-OCT devices,
such as CASIA. These devices permit in vivo
360-degree visualization of the proximal struc-
tures of the conventional aqueous outflow path-
way [20]. Distal aqueous outflow structures, such
as collector channels and aqueous veins, are vis-
ible on longer wavelength experimental Fourier-
domain AS-OCT devices designed to penetrate
through the scleral wall [21-23]. The supra-
choroidal component of the nonconventional out-
flow pathway is visible when there is increased
fluid in the space, as in the case of uveal effusion
or after glaucoma surgery [24-26].

AS-OCT studies of the conventional aque-
ous outflow pathway have shed light on possible
mechanisms by which medications and surgery
lower IOP. For example, in vivo AS-OCT imag-

ing has been used to confirm that pilocarpine
increases the lumen size of Schlemm’s canal in
eyes with and without glaucoma [9]. Dilations of
Schlemm’s canal are also observable after phaco-
emulsification surgery, and the magnitudes of
dilation are correlated with decreases in IOP [27].

Interpretation of AS-OCT Images

AS-OCT images can be interpreted qualitatively,
similar to slit lamp assessments of the anterior
chamber and gonioscopic assessments of the iri-
docorneal angle. Some key structures, such as the
cornea, lens, and iris, are easily identifiable in
AS-OCT images, even to a novice examiner
(Fig. 1.4). However, examining the iridotrabecu-
lar angle, formed by the junction between the tra-
becular meshwork and anterior iris surface, for
evidence of angle closure is not as intuitive. The
imaging-based definition of angle closure is iri-
dotrabecular contact, which is apposition between
the trabecular meshwork and anterior surface of
the iris (Fig. 1.5). The visibility of the trabecular
meshwork on AS-OCT is dependent on a number
of factors, including eye stability and quality of
the ocular surface. The trabecular meshwork is
also easier to visualize on devices utilizing newer
OCT technologies or shorter wavelengths of
light, such as the Zeiss Cirrus and Heidelberg
Spectralis (Fig. 1.3). However, visualizing the
trabecular meshwork, Schlemm’s canal, and dis-
tal outflow pathways is not necessary to identify
appositional angle closure.

Fig. 1.3 Image taken with the Heidelberg Spectralis with anterior segment module. The iris (I), lens (L), trabecular
meshwork (TM), and Schlemm’s canal (SC, yellow arrow) are marked
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Fig. 1.4 Image taken with the Tomey CASIA SS-1000 demonstrating typical cross-sectional view of the anterior seg-
ment along the horizontal, temporal-nasal meridian. The cornea (C), iris (I), and lens (L) are marked

Fig. 1.5 Image taken with the Tomey CASIA SS-1000 demonstrating angle closure. Scleral spur (SS, yellow arrow),
iris (I), and segment of iridotrabecular contact (yellow line) are marked

Anatomically, the trabecular meshwork is
bounded anteriorly by Schwalbe’s line and pos-
teriorly by the scleral spur. As angle closure tends
to start posteriorly near the iris root and progress
anteriorly, the key anatomical structure to iden-
tify in the interpretation of AS-OCT images is the
scleral spur. The scleral spur lies at the junction
of the trabecular meshwork and ciliary body. On
AS-OCT images, the scleral spur is defined as the
inward protrusion of the sclera where a change in
curvature of the corneoscleral junction is observed
(Fig. 1.6) [28]. One AS-OCT study found the

average width of the trabecular meshwork ranges
between 712 and 889 pm in width depending
on the portion of the angle being imaged [29].
Therefore, AS-OCT parameters developed to
measure angle width typically focus on a region
250 to 1000 pm anterior to the scleral spur.
Schwalbe’s line has been proposed as an
alternative to the scleral spur as a reference land-
mark for measuring AS-OCT parameters [30,
31]. Schwalbe’s line is more visible and reliably
identified on spectral-domain AS-OCT imaging
(Fig. 1.7) [7]. In addition, parameters such as
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Fig. 1.6 Image taken with the Tomey CASIA SS-1000 demonstrating the scleral spur (SS) located at the junction of

the trabecular meshwork (TM) and ciliary body (CB)

Fig. 1.7 Image taken with the Heidelberg Spectralis with anterior segment module. The iris (I), Schwalbe’s line
(SL, yellow arrow), Scleral spur (SS, yellow arrow) and Schlemm’s canal (SC, yellow arrow) are marked

AOD measured at the location of Schwalbe’s line
are highly correlated with gonioscopic angle clo-
sure [31, 32]. However, the scleral spur currently
remains the reference landmark in the majority of
AS-OCT studies, both for historical reasons and
given the close proximity of its anatomical loca-
tion to the trabecular meshwork.

As mentioned previously, the primary objec-
tive of the examiner is to identify the scleral spur
and assess if there is contact between the iris and

corneoscleral junction anterior to this point. It is
important to note that angle closure defined in this
manner based on AS-OCT images is not equivalent
to gonioscopic angle closure, which is typically
defined as the inability to visualize pigmented tra-
becular meshwork on gonioscopy. In fact, there
is only weak agreement between AS-OCT and
gonioscopy in the detection and assessment of
angle closure [4, 33]. Therefore, the two assess-
ment methods should not be used interchangeably.
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Rather, AS-OCT imaging provides complementary
information to gonioscopy in patients in whom
appositional angle closure is suspected.

Detection of the scleral spur is more difficult
in eyes with angle closure due to crowding of
the iridocorneal angle by iris tissue and attenu-
ation of OCT signal (Fig. 1.8). However, with
training and experience, it can be detected at a
high rate on modern AS-OCT devices as long as
the eyelid is adequately retracted during the time
of imaging [7]. Disparities in the detection of
angle closure between AS-OCT and gonioscopy
likely arise from influences of ocular structures,
such as the iris and lens, to visualization of angle
structures on gonioscopy (Fig. 1.9). For exam-
ple, Fig. 1.9 illustrates a case in which angle clo-
sure was diagnosed on gonioscopy but was not
corroborated by AS-OCT imaging. In this case,
there is significant anterior positioning of the
lens and bowing of the iris, both of which affect
the examiner’s ability to visualize the pigmented
trabecular meshwork.

AS-OCT images can also be interpreted
quantitatively, although this requires specialized
software not available on all AS-OCT devices.
Some AS-OCT devices, such as the Tomey
CASIA, have robust built-in software for mea-
suring the width of the angle, extent of iridotra-
becular contact (ITC) anterior to the scleral spur,
and dimensions of the anterior chamber and its
structures (Fig. 1.10) [34]. Other devices, such
as the Heidelberg Spectralis, have more limited
measurement tools, although these are not FDA
approved for patient care or activated on most
devices. On the Tomey CASIA, ocular structures
such as the cornea, lens, or iris must first be delin-
eated, either automatically by the software or
manually by the user. Then, the scleral spur must
be marked before measurements of AS-OCT
parameters can be computed. This process tends
to be time-consuming, which has limited the
clinical utility of quantitative AS-OCT measure-
ments. In addition, there is currently no commer-
cially available software for computing AS-OCT

Fig. 1.8 Image taken with the Tomey CASIA SS-1000
demonstrating difficulty of identifying the scleral spur in
an eye with angle closure. The scleral spur (SS, yellow

arrow), segment of iridotrabecular contact (yellow line),
and faint outline of the junction between the sclera and
ciliary body (white line) are marked
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Fig. 1.9 Image taken with the Tomey CASIA SS-1000
demonstrating a lack of iridotrabecular contact in the
angle recess (AR) anterior to the scleral spur (SS, yellow

SSAngle500/750

TIAS00/T40

Fig. 1.10 Anterior segment parameters measured by
Tomey CASIA SS-1000 using manufacturer-provided
software. AOD: angle opening distance. ARA: angle
recess area. TIA: trabecular iris angle. TISA: trabecular
iris space area. SSAngle: scleral spur angle. ACD: anterior

arrow) in angle quadrant diagnosed with gonioscopic
angle closure

TISAS00/750

ARASOO/ TS0

chamber depth. LV: lens vault. CAD: corneal arcuate dis-
tance. ACW: anterior chamber width. PD: pupillary diam-
eter. ACA: anterior chamber area. 500 and 750 denote
distance from scleral spur in pm



10

B.Y.Xuetal.

measurements from a variety of AS-OCT devices.
AS-OCT studies of the iridocorneal angle reveal
significant anatomical variation [10]. While most
of this anatomical variation is missed by a single
cross-sectional image along the horizontal tem-
poral-nasal meridian, it is captured by as few as
four OCT images on average [9, 10]. Therefore,
a multi-image analysis approach is recommended
for quantitative studies of angle width.

AS-OCT parameters have been devised to
describe the dimensions of the iridocorneal
angle (Fig. 1.10). The most commonly measured
angle parameters include angle opening distance
(AOD), angle recess area (ARA), trabecular iris
space area (TISA), trabecular iris angle (TIA),
and scleral spur angle (SSA) measured at 500 and
750 pm from the scleral spur. AOD is calculated
as the perpendicular distance measured from the
trabecular meshwork at 500 or 750 pm anterior to
the scleral spur to the anterior iris surface. ARA
is the area of the angle recess bounded anteriorly
by the AOD. TISA is an area bound anteriorly by
AQOD, posteriorly by a line drawn from the scleral
spur perpendicular to the plane of the inner scleral
wall to the opposing iris, superiorly by the inner
corneoscleral wall, and inferiorly by the iris sur-
face. TIA and SSA are defined as an angle mea-
sured with the apex in the iris recess or at the

scleral spur, respectively, and the arms of the angle
passing through a point on the trabecular mesh-
work 500 or 750 pm from the scleral spur and
the point on the iris perpendicularly. Parameters
measuring angle width have a direct relationship
with gonioscopy grades or PACD status, although
this relationship differs between eyes with open
angles and angle closure [35, 36]. Other AS-OCT
parameters that describe the dimensions of the
anterior chamber and its structures, such as lens
vault (LV) and anterior chamber area (ACA),
have been identified as biometric risk factors for
PACD. These will be discussed in the next section
Biometric Risk Factors for Angle Closure.

When performing AS-OCT imaging, there are
two important factors to take into account: stan-
dardization of lighting conditions and retraction of
the eyelid. Pupil diameter, a strong determinant of
angle width, is affected by environmental lighting
conditions due to the pupillary light reflex. Small
changes in pupil size can have large effects on
angle width measured by AS-OCT [37]. Therefore,
it is important to standardize lighting conditions, if
not pupil size, during AS-OCT imaging. In addi-
tion, inadequate retraction of the eyelid can lead
to attenuation of signal, which makes it difficult or
impossible to identify the anatomical structures of
the iridocorneal angle (Fig. 1.11).

Fig. 1.11 Image taken with the Tomey CASIA SS-1000
demonstrating effect of inadequate eyelid retraction dur-
ing time of imaging. Eyelid (E), cornea (C), and iris (I) are

marked. The scleral spur cannot be reliably identified in
this image
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Biometric Risk Factors for Angle
Closure

Angle closure refers to mechanical obstruction of
the trabecular meshwork by the peripheral iris.
Angle closure leads to impaired aqueous outflow
and elevations in IOP, a strong risk factor for
glaucomatous optic neuropathy. Primary angle
closure disease (PACD) broadly refers to indi-
viduals at risk for this process and is typically
divided based on the following gonioscopic clas-
sification system [38].

e Primary angle closure suspect (PACS), defined
as having gonioscopic angle closure in three
or more quadrants without evidence of trabec-
ular meshwork dysfunction or glaucomatous
optic neuropathy

e Primary angle closure (PAC), defined as PACS
with peripheral anterior synechiae (PAS),
excessive pigment deposition on the trabecu-
lar meshwork, or elevated IOP > 21 mmHg

e Primary angle closure glaucoma (PACG),
defined as PAC with glaucomatous optic
neuropathy

Angle parameters that directly measure angle
width are intuitive risk factors for gonioscopic

angle closure and PACD. However, studies have
also identified non-angle parameters that are
associated with angle closure. These biometric
risk factors can be divided into two categories:
static, which comprise measurements derived
from individual AS-OCT images, and dynamic,
which are measurements computed by compar-
ing measurements from two AS-OCT images,
typically obtained under different environmental
conditions. Static risk factors include lens vault,
anterior chamber area and volume, and iris thick-
ness, area, and curvature [39—44]. Dynamic risk
factors include changes in iris area in response to
changes in pupil diameter [42—44].

Static Risk Factors

The strongest and most consistently reported
static risk factor for gonioscopic angle closure is
lens vault (LV), defined as the perpendicular dis-
tance separating the anterior pole of the lens from
an imaginary horizontal line joining the two
scleral spurs [39-42]. Larger values of lens vault
are suggestive of increased crowding of the ante-
rior chamber and iridocorneal angle by a thicker
or more anterior lens (Fig. 1.12). One study exam-
ining angle closure in Chinese subjects reported a

Fig. 1.12 Image taken with the Tomey CASIA SS-1000
demonstrating eye with increased lens vault and angle clo-
sure. The iris appears anteriorly bowed and draped over

the lens. Scleral spurs (SS), scleral spur plane (dashed yel-
low line), iris (I), lens (L), and lens vault (LV, yellow line)
are marked
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significant correlation between gonioscopic angle
closure and lens vault [39]. Specifically, eyes in
the highest quartile of lens vault measurements
were at 48 times higher risk of angle closure com-
pared to subjects in the lowest quartile. This asso-
ciation was independent of known non-biometric
risk factors, such as age and gender, as well as
other biometric risk factors, such as anterior
chamber depth, lens thickness, and relative lens
position. These findings were corroborated by a
study of Japanese subjects, which reported an
odds ratio of 24.2 for angle closure when compar-
ing the lowest and highest quartiles of lens vault
measurements [40].

A number of iris-related AS-OCT parameters
have also been described as biometric risk fac-
tors for angle closure [41-43]. Iris thickness
(IT), defined as the largest perpendicular distance
along the iris connecting the anterior and poste-
rior iris borders, was found to have an odds ratio
of 2.2-2.7 for angle closure when compared with
normal eyes. Iris curvature (IC), defined as the
perpendicular distance between the iris pigment
epithelium and an imaginary line connecting the
most peripheral and most central points of iris
pigment epithelium, at the point of greatest con-
vexity, and iris area (IA), defined as the cross-
sectional area of the full length of the iris, were
found to have odds ratios of 0.4-2.5 and 1.1-2.7,
respectively.

AS-OCT measurements describing the ante-
rior chamber have also been studied as biomet-
ric predictors for angle closure disease. Smaller
anterior chamber area (ACA), defined as the
cross-sectional area bounded by the corneal endo-
thelium, anterior surface of iris, and anterior sur-
face of lens within the pupil and smaller anterior
chamber volume (ACV), calculated by rotating
the anterior chamber area 360 degrees around a
vertical axis drawn through the midpoint of the
anterior chamber, were found to have odds ratios
of 53.2 and 40.2, respectively [44]. This trans-
lates into 89.9% sensitivity and 85.5% specificity
if anterior chamber area measured by AS-OCT is
used as a screening parameter for PACD.

Multiparameter models aggregate information
provided by multiple biometric risk factors to make
predictions on the status of the iridocorneal angle.

A six-parameter model based on LV, 1A, IT, ACA,
ACYV, and anterior chamber width (ACW) can gen-
erate a probability estimate for gonioscopic angle
closure with an area under the receiver operating
characteristic curve (AUC) value of 0.94 [49].
A separate longitudinal study that examined the
ability of AS-OCT parameters to predicted gonio-
scopic angle closure reported a model consisting
of AOD750 and LV explained 38% of variance
in gonioscopic angle closure occurring at 4 years
[50]. These results suggest there is a complemen-
tary benefit to analyzing multiple biometric risk
factors, although there is redundancy in the pre-
dictive information they provide.

Dynamic Risk Factors

Dynamic risk factors for angle closure primarily
currently focus on changes in the iris associated
with pupillary dilation. Studies have shown
behaviors of the iris in the transition between
light and dark environments differ significantly
between open angle and angle closure eyes. Early
studies used AS-OCT to quantify and compare
the changes in iris area and iris volume associ-
ated with pupillary dilation in angle closure ver-
sus open angle subjects [45-48]. The results
revealed a smaller decrease of iris area and vol-
ume with dilation in angle closure eyes compared
to open angle eyes.

A more recent study found larger, more
peripherally distributed irises increase the risk
of post-dilation angle closure [41]. PACS and
PACG subjects demonstrated less loss of iris
area per millimeter of pupillary distance (PD)
increase after physiologic dilation when com-
pared with normal subjects. Regression analysis
confirmed that less iris area loss per millimeter
PD increase was a significant risk factor for an
occludable angle, defined as non-visibility of
posterior trabecular meshwork for at least 180
degrees. Furthermore, the change in centroid-to-
centroid distance (CCD), defined as the distance
between the centers of the nasal and temporal iris
masses, per millimeter of PD increase was sig-
nificantly greater in PACS and PACG subjects
compared with normal subjects.
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Treatments for Angle Closure
and Glaucoma

Glaucoma treatments include lasers procedures
and incisional surgeries. More recently, inci-
sional surgery has been subdivided into mini-
mally invasive glaucoma surgery (MIGS) and
traditional invasive surgery (e.g., trabeculectomy
and glaucoma tube shunts). These interventions
are administered in conjunction with medical
therapies to control IOP in patients with progres-
sive glaucomatous damage. One role proposed
for AS-OCT has been for guiding and evaluating
the outcomes of these glaucoma treatments.

Laser peripheral iridotomy (LPI) is typically
the first-line intervention in the treatment of
angle closure to widen the iridocorneal angle and
alleviate angle closure. This procedure utilizes an
Nd:YAG laser to create a full-thickness hole in
the iris that provides aqueous with an alternative
outflow pathway from the posterior chamber to
the anterior chamber. LPI significantly increases
angle width in angle closure eyes as measured by
AS-OCT parameters such as AOD500, TISA500,
and ARAS500 [51-53]. However, the use of LPI
varies widely in early stage PACD as there is no
widely held consensus on when it should be per-
formed in the absence of PAS, elevated IOP, or
glaucomatous optic neuropathy.

Progressive enlargement of the crystalline
lens contributes to pupillary block, the pri-
mary mechanism underlying angle closure and
PACD. Cataract extraction can widen the angle
and lower IOP [54-56]. In angle closure eyes,
postsurgical decreases in IOP are primarily due
to improved access to the conventional out-
flow pathway by the aqueous humor. However,
AS-OCT studies have also shown that dilations
of Schlemm’s canal are observable after phaco-
emulsification surgery, which may explain its
IOP-lowering effect even in eyes with open
angles [27, 55]. Phacoemulsification combined
with goniosynechialysis is often considered as
the primary surgical intervention to alleviate
angle closure and lower IOP in patients with
PACG [57]. The addition of goniosynechialysis
provides greater reduction of iridotrabecular con-
tact than phacoemulsification alone, a beneficial
effect that can be quantified by AS-OCT. [28]

The well-established gold standard in glau-
coma surgery is trabeculectomy, which creates a
corneoscleral opening under a partial-thickness
scleral flap. This opening serves as an alternate
pathway for aqueous outflow from the anterior
chamber to the sub-Tenon’s and sub-conjunc-
tival spaces, leading to the formation of a bleb.
AS-OCT provides detailed visualization of the
trabeculectomy bleb (Fig. 1.13), and several stud-

Fig. 1.13 Image taken with the Zeiss Visante demon-
strating functioning filtering bleb after MMC-augmented
trabeculectomy. The multilobed cystic bleb shows a pat-

ent and low reflective fluid-filled inner cavity (asterisk)
(Reprinted from Mastropasqua et al., 2014 under a
Creative Commons Attribution license [64])
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ies have reported an association of bleb morphol-
ogy with level of IOP control [58—64]. Features
of bleb morphology associated with successful
IOP lowering include a multilayered appearance
and low reflectivity of the bleb wall, presence of
episcleral fluid, as well as lower internal reflec-
tivity of the fluid-filled cavity [62, 63]. AS-OCT
can also be used to quantify dynamic changes
in bleb morphology following laser suture lysis,
which can be predictive of long-term surgical
outcome [65, 66].

A number of minimally invasive glaucoma
surgeries (MIGS) have been introduced over the
past decade for the surgical management of glau-
coma patients. MIGS devices restore, enhance, or
provide an alternative to the eye’s natural aqueous
outflow pathways by shunting aqueous from the
anterior chamber into Schlemm’s canal, supracho-
roidal space, or sub-Tenon’s and subconjunctival
spaces. AS-OCT imaging provides a noninvasive
method to evaluate short- and long-term postsur-
gical placement and effect of MIGS in these ana-
tomical structures and spaces [25, 67-70].

Future Directions of Research

AS-OCT technology has rapidly evolved over the
past decade. However, the clinical adoption of
AS-OCT imaging for the management of PACD
has been slow. One reason is there are no auto-
mated methods to facilitate the quantitative
interpretation of AS-OCT images. Another rea-
son is that clinical and functional significance of
angle closure detected by AS-OCT imaging is
not as well understood as the significance of
angle closure detected by gonioscopy.

The primary advantage of AS-OCT over
gonioscopy is it provides quantitative measure-
ments in addition to qualitative assessments of
angle width. Automated algorithms support the
quantitative analyses of posterior segment struc-
tures, such as the retina and optic nerve head.
Longitudinal measurements of retinal and nerve
fiber layer thickness have modernized the man-
agement of posterior segment diseases, allow-
ing clinicians to detect disease progression and
response to treatment. In theory, AS-OCT could

support similar longitudinal studies of anterior
segment diseases. However, quantitative analy-
sis of AS-OCT images is at best semiautomated
and requires manual identification of the scleral
spur in each image [71]. Experimental auto-
mated methods that extract measurements from
AS-OCT images by matching them to hand-
marked exemplar datasets demonstrated only
satisfactory performance [72]. AS-OCT mea-
surements could be used to detect the presence or
progression of anterior segment diseases, includ-
ing PACD [49, 73]. However, clinical adoption of
quantitative AS-OCT imaging will likely remain
limited until well-performing automated meth-
ods have been integrated into mainstream com-
mercial AS-OCT devices.

The current AS-OCT definition of angle clo-
sure is based on static structural findings lacking
long-term clinical and functional significance.
AS-OCT imaging provides three-dimensional
information about the structural configuration of
the iridocorneal angle, which reflects the amount
of access aqueous humor has to the conventional
outflow pathway. However, studies exploring this
structure-function relationship are limited. One
recent study explored the relationship between
average angle width measured by AS-OCT and
IOP and established threshold values below which
angle width and IOP are strongly correlated [74].
However, the degree and extent of iridotrabecular
contact required before aqueous outflow and IOP
are affected is unknown. Longitudinal studies of
angle closure detected on AS-OCT are similarly
limited. One study found that in eyes with open
angles on baseline examination, iridotrabecu-
lar contact detected on AS-OCT was predictive
of gonioscopic angle closure after 4 years [75].
Therefore, future research must focus on devel-
oping functionally significant definitions of angle
closure that are validated through longitudinal
clinical studies.

Conclusion

AS-OCT is a noninvasive in vivo imaging method
that has gained popularity among clinicians and
researchers over the past decade. AS-OCT imag-
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ing facilitates qualitative and quantitative studies
of the anterior segment and has applications for
characterizing anatomical structures, diagnosing
and staging disease, and assessing treatment effi-
cacy. However, its adoption in routine clinical
care significantly lags behind OCT studies of the
posterior segment. Therefore, further work is
needed to demonstrate and validate the benefit of
novel OCT-based methods compared to current
clinical standards of care in the management of
anterior segment diseases.
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Background

The diagnosis of glaucoma and detection of glau-
coma progression are based on structural and
functional changes that occur in a characteristic
pattern. Functional changes, commonly assessed
by standard automated perimetry (SAP), should
correlate with optic nerve head (ONH) structure
and morphology. Historically, assessment of
the ONH and retinal nerve fiber layer (RNFL)
was oftentimes subjective with wide variability
between examiners and performed by clinical
examination and fundus photography [1]. With
the advent of optical coherence tomography
(OCT) in 1991 [2], evaluation of glaucomatous
structural changes has become more objective by
allowing for quantifiable and reproducible mea-
surements of the optic nerve head, RNFL, and
macular thickness parameters.
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Prior to the development of OCT, confocal
scanning laser ophthalmoscopy and scanning
laser polarimetry, introduced in the 1980s, were
used to assess structural changes in glaucoma.
With the development of commercially avail-
able Fourier and spectral domain OCT devices
(SD-OCT) with improved scan speeds and
improved spatial resolution, the use of OCT in
glaucoma management has become common
practice. Most OCT devices consist of a table-
mounted unit that obtains noninvasive, in vivo
cross-sectional images of ocular structures and
a computer which segments and analyzes the
images. Images are obtained by low-coherence
interferometry, which measures echo time delay
and the magnitude of reflected or backscattered
light [3]. Algorithms are utilized to segment
structures of interest for further analysis; for
instance, the RNFL is measured by detecting the
anterior edge of the retinal pigmented epithelium
and the photoreceptor layer position to determine
the posterior boundary of the RNFL [4].

Early generation OCT machines were based
on time domain technology (TD-OCT; e.g.,
Stratus OCT, Carl Zeiss Meditec, Dublin, CA,
USA) which use low-coherence interferometry
to obtain two-dimensional images. TD-OCT
devices, however, fell out of favor for many cli-
nicians as they were limited by low scan speed
(100-400 A scans/second) which resulted in
motion artifacts and lower image resolution.
More recent commercially available machines

19

R. Varma et al. (eds.), Advances in Ocular Imaging in Glaucoma, Essentials in Ophthalmology,

https://doi.org/10.1007/978-3-030-43847-0_2

2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-43847-0_2&domain=pdf
https://doi.org/10.1007/978-3-030-43847-0_2#DOI
mailto:tfox@dhs.lacounty.gov
mailto:areznik@sceyes.org
mailto:Felipe.Medeiros@duke.edu

20

T.P.Fox et al.

are based on spectral-domain (SD-OCT) tech-
nology, which has more than 50-fold faster
scanning speed as compared with TD-OCT
(26,000-53,000 A scans/second), allowing for
1000 A scans to be captured, processed, and dis-
played within 60 microseconds. The faster image
acquisition reduces motion artifacts and results in
more stable images. SD-OCT also has improved
spatial resolution, providing an axial resolu-
tion of 3.9-7 pm—as compared with 8-12 pm
with TD-OCT—and transverse resolution of
15-20 pm [5]. Image registration software, avail-
able on some devices, minimizes misalignment
between consecutive images, improving inter-
scan reproducibility and longitudinal comparison
of scans. Studies have demonstrated intraclass
correlation between multiple measures of supe-
rior, inferior, and average RNFL thickness using
SD-OCT in a single individual to be greater than
0.96 [6-8]. The diagnostic accuracy between
TD-OCT and SD-OCT has been reported to
be either statistically similar [9, 10] or slightly
better with SD-OCT [11-17]. Finally, three-
dimensional acquisition patterns and advanced
segmentation algorithms of SD-OCT devices
allow for assessment of macular parameters
(Chap. 4). A variety of SD-OCT devices are com-
mercially available, including, but not limited
to, Cirrus HD-OCT (Carl Zeiss Meditec, Inc.,
Dublin, CA, USA), RTVue-100 (Optovue, Inc.,
Fremont, CA, USA), and Spectralis (Heidelberg
Engineering, Dossenheim, Germany). While the
information available in this chapter is general-
izable to most commercially available SD-OCT
devices, it may not be applicable to all.

Diagnosing Glaucoma
and Detecting Progression

The use of OCT is a mainstay for the diagno-
sis of glaucoma and detection of glaucomatous
progression. Structural changes in the ONH
or RNFL may precede evidence of glaucoma-
tous damage on SAP [18]. Also, some patients
with early stage glaucoma may have structural
changes alone, referred to as “pre-perimetric”
glaucoma [19]. Furthermore, histologic stud-

ies have demonstrated that a significant por-
tion of retinal ganglion cells (RGCs) may
be lost before loss is detected on SAP [20].
The use of OCT in glaucoma has primarily
focused on assessment of the circumpapillary
RNFL (cRNFL) as it allows for comprehensive
assessment of all retinal ganglion cells (RGCs)
as they approach the ONH.

In SD-OCT, a 6 x 6 mm peripapillary cube
consisting of 200 x 200 pixel measurements of a
scan data is obtained and segmented to isolate the
RNFL. Using high density sampling of the RNFL
thickness in this region, a topologic RNFL thick-
ness map is constructed, facilitating examination
of the RNFL distribution pattern (Fig. 2.1a, b).
Within this map, red encodes thicker and blue
encodes thinner RNFL measurements. From the
thickness map, an RNFL thickness deviation
map is provided. The RNFL thickness deviation
map compares the RNFL thickness of the sub-
ject to the device’s reference database. A pixel is
encoded as yellow if the RNFL measurement is
below the lower 95% of the centile range for that
particular pixel; similarly, pixels are encoded red
if below the lower 99% of the centile range [21].

CRNFL thickness is measured at a circle
3.46 mm in diameter (1.76 mm radius) centered
on the optic disc. Although this fixed distance
is somewhat arbitrary, this scan circle size was
found to higher reproducibility than measure-
ments from with other circle diameters [22].
While this fixed distance may allow for more
reproducible cRNFL measures, RNFL defects
existing outside of this area may be missed.
The average or global cRNFL is provided along
with the thickness of inferior, superior, nasal,
and temporal quadrants. Quadrants are further
broken down to clock hours in a similar fashion
(Fig. 2.1a, b). These measures are compared to
age-matched controls based on a reference data-
base, which varies based on the machine used.
Colors are utilized to denote normal from abnor-
mal measurements based on the reference data-
base. Green encodes a thickness measurement
within normal distribution or within two standard
deviations of the average reference population;
yellow, a thickness measurement <5% of the
population; red, a thickness measurement <1% of
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Fig. 2.1 (a) Cirrus HD-OCT RNFL thickness map of the
right eye demonstrating robust RNFL arcuate bundles. No
defects are detected on the RNFL deviation map. Average
RNFL thickness, rim area, average C/D ratio, vertical C/D
ratio, and cup volume are within normal distribution as
compared with age-matched controls within the reference
population. Sectoral analysis is also within normal distri-
bution. (b) The same patient’s left eye, which demon-
strates RNFL thinning and attenuation on the thickness
map, noted by the paucity of orange and red along the
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normal RNFL arcuate distribution. On the RNFL devia-
tion map, clear inferotemporal and superotemporal RNFL
defects are noted in wedge-shaped distributions. Average
RNFL thickness, RNFL symmetry between the eyes, rim
area, average C/D ratio, vertical C/D, and cup volume are
all below 1% of age-matched controls within the refer-
ence population. Sectoral analysis also confirms relative
thinning of the superior and inferior quadrants below 1%
of the average reference population
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the population; and white, a thickness measure-
ment >5% of the population.

The pattern of RNFL loss on OCT mirrors
neuroretinal rim thinning. RNFL thickness gen-
erally follows the “ISNT” rule—that is, RNFL
is thickest inferiorly followed by superiorly,
nasally, and temporally—and violation of this
rule may indicate glaucoma. The inferior RNFL
quadrant typically undergoes the greatest amount
of thinning; it also has the greatest area under
the receiver operating characteristics curve valve
(AUC) for detection of glaucoma [11]. The nasal
and temporal quadrants generally have a low
AUC, particularly in early glaucoma, and thin-
ning in these quadrants may indicate the presence
of a non-glaucomatous optic neuropathy.

The diagnostic ability of SD-OCT to discrimi-
nate between glaucomatous and healthy eyes has
an AUC of approximately 0.9, though several fac-
tors have an effect on diagnostic abilities, includ-
ing glaucoma severity [23]. SD-OCT has also
been shown to discriminate between eyes with
preperimetric glaucoma—defined as eyes with
progression on follow-up optic disc stereoscopic
photographs but without visual field defect dur-
ing the study’s 5 year follow-up period—and
those with suspected glaucoma, with an AUC of
0.86 [24].

To recognize glaucoma progression, it is
important to understand the interscan reproduc-
ibility and variability of SD-OCT. Intraclass cor-
relation coefficients of global cRNFL thickness
are excellent with an intravisit value of 0.986
and intervisit value of 0.972 [6]. These intra-
visit and intervisit correlation values are better
with SD-OCT compared to TD-OCT. The inter-
visit tolerance limit for global cRNFL thickness
is 3.89 pm, which is often rounded to 4 pm.
Because of the intervisit variability, examiners
should consider at least 8 pm, or twice the stan-
dard deviation value, to be a clinically significant
change in RNFL thickness.

When assessing for progression, it is impor-
tant to assess not only for overall change but also
for focal change. The RNFL thickness map facil-

itates analysis of these defects and patterns of
progression. Three common glaucomatous pat-
terns may occur, including a new RNFL defect,
widening of an existing defect or deepening of
an existing defect without widening. The most
common area of progressive RNFL thinning is
located inferotemporally. Conventional sectoral
or global analysis may overlook localized defects
or focal areas of progression as focal defects may
be masked when averaging cRNFL thickness
(Fig. 2.2). RNFL progression was found to most
commonly occur at 2 mm from the disc center
[21], further away from the optic disc center
than the 1.76 mm radius where cRNFL is mea-
sured. It is important, therefore, to examine the
RNFL thickness and deviation maps, which may
reveal focal changes. Focusing on these localized
changes, referred to as the region of interest, has
been shown to be superior to global RNFL thick-
ness [25]. Whenever progression is suspected,
confirmatory testing should be performed.

Two basic strategies, event-based and trend-
based analyses, are employed when assessing
for glaucoma progression. Event-based analysis
compares one test to another, and progression is
determined when change occurs below a preset
threshold as compared with baseline. As previ-
ously noted, there can be up to approximately
4 um of intervisit variability with SD-OCT, and
progression should be strongly suspected when
there is a difference of 8 pm or greater between
tests. One should also compare the current test
to baseline tests, which should ideally be two
reliable and stable tests done within a limited
time period early in the patient’s clinical course.
Event-based analysis has various limitations,
and it may falsely identify progression if the
test in question is unreliable. It is also suscep-
tible to outlier results. If comparing scans five
or more years apart, it is important to account
for normal aging. Cross-sectional analysis has
shown a negative correlation between age and
average RNFL thickness of —0.33 pm/year
while longitudinal analysis reported a change
of —0.52 pm/year [14, 26].
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Fig. 2.2 Cirrus HD-OCT RNFL deviation map demon-
strating focal inferotemporal thinning which is not
detected by sectoral analysis or average RNFL thickness,
both of which are within normal distribution as compared
with age-matched controls of the average reference
population

Trend-based analysis evaluates a series of at
least four sequential tests, including baseline
tests, and measures the slope of change over
time [27]. Trend-based analysis is performed by
change analysis software, first available in the
third generation of TD-OCT devices (Stratus
OCT) as Guided Progression Analysis (GPA).
Many currently commercially available SD-OCT
devices include change analysis software, and it
has been shown to be useful in both determin-
ing glaucoma progression and the rate of pro-
gression. Progression is detected when there is a
significant negative slope of the regression line,
and the slope of the regression line represents the
rate of RNFL thinning, expressed in micrometers
per year (Fig. 2.3). Change analysis can be per-
formed not only with global cRNFL thickness
but also sectors. Trend-based analysis is less
susceptible to fluctuation and outlier results, and
it takes into account normal age-related RNFL
thinning through linear regression analysis. The
regression line slope is also useful in estimating
the rate of disease progression. Trend-based anal-
ysis, however, requires a large number of tests.
Therefore, this type of analysis is less sensitive to
sudden and dramatic changes in RNFL thickness.

The rate of change for average cRNFL thick-
ness in patients with glaucoma progression
ranges widely, from —0.72 pm/year to —15.4 pm/
year as determined by prospective studies [27,
28]. SD-OCT (Cirrus HD-OCT) appears to be
superior to TD-OCT (Stratus OCT) for the detec-
tion of progression using trend analysis software
and cRNFL thickness [29]. GPA may also be
used to detect progression based on the RNFL
thickness map, though this is currently available
only with Cirrus HD-OCT devices. This is per-
formed through computing differences in RNFL
thickness change map between two baseline mea-
surements and a follow-up image for each of the
individual 50 x 50 superpixels (one superpixel
is equivalent to 4 x 4 pixels) contained in the
6 x 6 mm RNFL thickness map. Superpixels are
encoded yellow on the RNFL thickness change
map if the difference is greater than the test-retest
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Fig. 2.3 Guided progression analysis demonstrating
glaucoma progression of the left eye. By Exam 3, possible
progression was detected, noted by the yellow inferior

probability. Once this difference is confirmed on
subsequent testing, the superpixel is encoded in
red. The GPA analysis thickness map displays
these colors when at least 20 contiguous pixels
demonstrate significant change [5] (Fig. 2.3).
OCT also provides a variety of optic nerve
head parameters [30], including rim area, cup
area, and cup-to-disc ratio (Fig. 2.1a, b). While
the agreement between neuroretinal rim and
RNFL measurements was poor in the detec-
tion of glaucoma progression when utilizing
TD-OCT [31], the improved resolution of optic
disc images in SD-OCT makes optic nerve head
parameters useful in the diagnosis of glaucoma
and detecting glaucomatous progression [32].
The vertical rim thickness, vertical cup-to-disc
ratio, cup-to-disc ratio, and horizontal rim thick-
ness have been shown to outperform other optic
nerve head parameters in distinguishing normal
eyes from glaucomatous eyes of all severities,
with AUC ranging from 0.901 to 0.963. In dis-
criminating between normal eyes and eyes with
mild glaucoma, vertical cup-to-disc ratio, rim
area, and vertical rim thickness have been shown
to be of most benefit [33]. The low reproducibil-
ity of optic nerve head scans and misidentifica-
tion of the optic disc or cup margin have led to

sector on the deviation map. Progression was subse-
quently confirmed by Exam 4, noted by the change in
color to red on the deviation map

many clinicians preferring RNFL measures over
optic nerve head parameters for the diagnosis of
glaucoma; however, it is important to note that
misidentification of the optic nerve tissue may be
manually corrected.

SD-OCT also allows for visualization of
Bruch’s membrane opening (BMO) for enhanced
examination of the neuroretinal rim and improved
detection of glaucoma. Evaluating BMO is
important, as the clinically visible disc margin
seen on fundoscopy does not correspond to a
consistent anatomic structure on OCT. Studies
suggest utilizing Bruch’s membrane opening-
minimum rim width (BMO-MRW), defined as
the width between the termination of Bruch’s
membrane, as the anatomic border of the optic
disc margin, which has improved diagnostic per-
formance as compared with confocal scanning
laser tomography, which measures the perceived
disc margin without reference to the rim tissue
orientation [34].

Pitfalls of Interpreting Results

The ability of OCT devices to discriminate
between healthy and glaucomatous eyes and
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to detect progression is limited by the quality
of the reference databases. The reference data-
bases are based on age-matched healthy controls
and are not transferrable between devices. The
Cirrus HD-OCT database includes 284 non-
glaucomatous subjects from seven study sites,
of which six were from the USA and one from
China. Forty-three percent were Caucasian, 24%
Asian, 18% African descent, 12% Hispanic, and
1% Indian, and 6% were unspecified or mixed.
The subjects ranged from 18 to 84 years of
age and had refractive errors between —12.00
diopters and +8.00 diopters, but few subjects
had refractive errors on the extreme sides of the
spectrum. Subjects were excluded if they had
visual field loss, an RNFL defect, disc hemor-
rhage, or IOP >21 mm Hg [35]. The RT Vue ver-
sion 4.0 software database includes 861 healthy
eyes from 15 clinical sites, including six from the
USA, one from England, three from China, three
from Japan, and two from India. Subjects ranged
from 19 to 82 years of age and had normal visual
fields and IOP <22 mm Hg. Twenty-nine percent
of subjects were Chinese, 19% Japanese, 18%
Caucasian, 14% Indian, and 11% Hispanic, and
9% were of African descent [36]. The Spectralis

SD-OCT database includes data from 201 healthy
subjects from one study site in Germany. All sub-
jects were Caucasian, ranging from ages 18 to 78.
Subjects were excluded if they had a family his-
tory of glaucoma, IOP >21 mmHg, evidence of
visual field damage or refractive error worse than
—7 diopters [37].

Several factors can affect OCT measurements
and potentially lead to misinterpretation and mis-
diagnosis and should be considered when ana-
lyzing scan results. These factors include signal
strength, signal blocking, segmentation error, age,
race/ethnicity, refractive error, optic disc size, and
glaucoma severity [38]. Signal strength can affect
OCT measurements, as lower signal strengths
underestimate RNFL thickness, resulting in
falsely thin RNFL measurements, particularly in
myopic eyes. Signal strength may be affected by
many variables, including dry eye, corneal edema,
cataract, media opacities, and vitreous floaters. It
has been suggested, at least with Stratus TD-OCT,
that examiners aim for a signal strength of at least
seven [39]. It is important to take signal strength
into account, particularly as signal strength may
decrease over time as patients develop media
opacities (Figs. 2.4 and 2.5). It has also been

Fig.2.4 Cirrus HD-OCT of the right eye demonstrating signal blockage from a PVD. Follow-up examination demon-

strates movement of the vitreous opacity
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Fig. 2.4 (continued)

shown that multifocal lenses may affect scan
quality, leading to wavy horizontal artifacts [40].

OCT measurements are also subject to seg-
mentation errors. Current SD-OCT devices uti-
lize automated segmentation to define the ONH
and various structures of interest; however, this
may inaccurately identify intraocular structures.
Relying on automated segmentation without
manual refinement has been shown to reduce
global cRNFL thickness and overestimate the
diagnosis of glaucoma, particularly in eyes with
thinner RNFLs, scans with lower signal strength,
and patients of older age. Operators should
inspect scans for aberrant segmentation and if
identified should manually refine the segmenta-
tion [41].

Refractive errors, most notably myopia, may
affect RNFL measurements. While myopia is a
risk factor for the development of glaucoma, it
may also lead to erroneously thin cRNFL and
macular thickness measurements due to optical
projection artifact of the scanning area. Non-
glaucomatous myopic eyes may be incorrectly
classified as abnormal by OCT analysis due to
limited reference database [42]. As previously
mentioned, reference databases only included
refractive errors between —12.00 and +8.00 diop-
ters, with few patients on the extreme ends of the
refractive error spectrum. Moderately and highly

myopic eyes have thinner global cRNFL and
thinner superior and inferior quadrants [43—45].
Interestingly, non-glaucomatous myopic eyes
tend to have thicker temporal cRNFL quadrants
[46]. This may be due, in part, to the effect of
myopia on the RNFL distribution pattern. With
increasing myopia, the superotemporal and
inferotemporal RNFL bundles tend to converge
temporally [47].

As previously mentioned, there is a normal
rate of RNFL thinning that occurs with age, rang-
ing from —0.33 to —0.52 pm/year of RNFL loss.
While age is taken into account with trend-based
analysis, also remember to account for age-
related loss with event-based analysis, particu-
larly if the studies are 5 years or more apart [27].
Race and ethnicity appear to also have an effect
on OCT measurements and analysis. Clinicians
should be cautious when interpreting data of non-
Caucasian patients, particularly those of African
or Asian ancestry [48]. Differences seen may be
in part due to limited reference databases. It has
been found that patients of African ancestry have
the thinnest temporal quadrant, corresponding
with thinner papillomacular RNFL bundles, and
thicker measurements in inferior and superior
regions [35, 49]. It has been suggested that Asians
may have thicker global, superior, and inferior
cRNFL thickness values and Hispanics may have
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thicker global and inferior cRNFL thickness val-
ues [50]. The differences may be in part due to
large ONH in Hispanic patients or those with
African or Asian ancestry [51]. A correlation
has also been demonstrated between longer axial
lengths and thinner temporal RNFL quadrants in
patients with Asian ancestry [45, 52].

Optic disc size may also have an effect on OCT
measurements and analysis. Larger optic discs,
particularly those greater than 2 mm in diame-
ter, may have falsely thicker RNFL values. This
is because cRNFL thickness is greater closer to
the disc, and most OCT devices measure cRNFL
thickness at a set 3.4 mm radius away from the
disc center. In these patients, RNFL topography
may be a better measure to assess for thinning.

Finally, glaucoma severity may have an effect
on OCT measurements and performance. When
diagnosing patients with glaucoma, SD-OCT
has been found to have improved AUC and
sensitivities and specificities with decreasing
SAP visual field index values [53]. There is also
improved ability of SD-OCT to discriminate
between healthy eyes and those with advanced
disease as compared with discrimination between
eyes with early stage glaucoma [54]. By similar
accord, the rate of RNFL loss is associated with
the baseline RNFL thickness, with thicker base-
line RNFL being associated with a faster rate of
RNFL loss [27].

The utility of OCT in detecting glaucoma
progression in patients with severe glaucoma
is limited by the “floor effect.” “Floor” refers
to the cRNFL architectural support made up
of blood vessels and retinal glial cells, such as
Miiller cells, astroglia, and microglia, which do
not degenerate with retinal ganglion cell axons.
As the RNFL thins, the contribution of these sup-
portive structures is more substantive, rendering
OCT less sensitive in identifying and segment-
ing the RNFL in advanced glaucoma (Fig. 2.6).
The average cRNFL thickness rarely drops below
50-60 pm, and never below 30 pm, even in eyes
with no-light perception vision [55]. The “floor”
value varies with different SD-OCT devices and
was found to be an average 57 pm on Cirrus
HD-OCT, 64.7 pm with RTVue, and 49.2 pm
with Spectralis SD-OCT. The RNFL “floor”

is reached around relative SAP sensitivities
between —11.3 and —14.4 dB and RNFL thinning
stops around sensitivities between —19.3 and
—23.7 dB [56]. Because of this, RNFL measure-
ments by OCT are less sensitive than SAP in the
detection of progression in advanced glaucoma.
Macular measurements, discussed separately,
may provide an alternative way to objectively
and quantitatively assess for structural progres-
sion in advanced glaucoma.

Future Uses of SD-OCT

As with most testing for glaucoma, the use of
one single parameter on OCT may misdiagnose
healthy eyes as having glaucoma or glaucomatous
eyes as being healthy. Recent evidence suggests
combining more than one individual OCT param-
eter, such as ONH measurements, RNFL, or
macular measurements, may be advantageous in
reducing these diagnostic errors. The Glaucoma
Structural Diagnostic Index, or GSDI, found that
combining these OCT parameters is significantly
better than the single best parameter [57].

Researchers have also evaluated the relation-
ship between structural and functional dam-
age in the diagnosis, staging, and monitoring of
glaucoma, potentially providing insight on how
visual function behaves relative to structural
damage [58]. Various models have been proposed
to examine this relationship. Common visual
field maps utilized include the Garway-Heath
structure function map and Kanamori visual field
cluster map [59, 60].

Because loss of RGCs are the primary underly-
ing pathologic feature in glaucoma, various mod-
els have been proposed to estimate the number of
RGCs based on OCT RNFL thickness measures
[61]. Recently, the combined structure-function
index (CSFI) has been proposed to estimate the
percentage of RGCs lost as compared to healthy
age-matched controls. The CSFI combines struc-
tural and functional test results into an index to
aid examiners in diagnosing and prognosticating
glaucomatous eyes. The CSFI has been shown to
be superior to SD-OCT RNFL thickness alone
in discriminating glaucomatous from normal
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Fig.2.6 Cirrus HD-OCT GPA demonstrating stable RNFL thickness in advanced glaucoma, likely at or near the floor.
During the same time period, patient had possible progression on standard automated perimetry
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eyes, with an AUC of 0.94, and a similar abil-
ity as SD-OCT to discriminate between healthy
and preperimetric glaucoma eyes [62]. Because
SAP abnormalities may occasionally precede
detection of structural loss, the CSFI may have
advantages over SD-OCT alone as it utilizes the
strengths of both structural and functional test-
ing. With the advent of a newer generation OCT
device called swept-source OCT, direct visual-
ization and segmentation of the RGC layer has
been possible [63]. These newer technologies
may increase our understanding of the structure-
function relationship in glaucoma and may aid in
earlier detection of glaucoma and its progression.
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Macular Imaging by Optical
Coherence Tomography

for Glaucoma

Ahnul Ha and Ki Ho Park

Macular Evaluation in Glaucoma

Optic nerve head (ONH) and retinal nerve fiber
layer (RNFL) analyses are the standard tools for
glaucoma diagnosis and management. Recently,
the emergence of spectral-domain optical coher-
ence tomography (SD-OCT) has detoured inves-
tigations toward the clinical significance of the
detection of glaucomatous ganglion cell damage
inthe area of the macula. The focus of time-domain
optical coherence tomography (TD-OCT) had
been on RNFL thickness measurement, because
given the comparatively low resolution and poor
sampling density of TD-OCT, inner retinal layer
segmentation was not reliable [1]. SD-OCT over-
came such technical problems in the segmenta-
tion of macular layers, and thus, macular imaging
protocols became one of the important diagnostic
tools of glaucoma detection.

Imaging the macular area by optical coher-
ence tomography (OCT) can provide information
regarding the detection of glaucomatous retinal
ganglion cell (RGC) damage. Macular thickness
can effectively reflect glaucomatous damage,
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because the macula contains more than half of
the RGCs in a multilayered pattern and the RGC
body is as much as 20 times larger than the diam-
eter of its axon [2]. The macular area also is nota-
ble for its consistency, particularly the fact that
it is less affected than the peripapillary RNFL
(pRNFL) by interindividual structural variation
or non-neural structures such as blood vessels [3,
4].

Principles of Macular Imaging

The low reflectivity of the ganglion cell layer
(GCL) is the principal challenge for SD-OCT
segmentation algorithms. Given the difficulty of
differentiating the GCL and inner plexiform layer
(IPL) boundary or the GCL from the RNFL inter-
nally, a number of manufacturers have utilized
different inner retinal layer combinations in diag-
nosing glaucoma. Optovue RTVue OCT offers
ganglion cell complex (GCC) thickness measure-
ments. The GCC includes the three most inner
retinal layers: the RNFL, GCL, and IPL. As such,
it contains the ganglion cells’ axons, cell bodies,
and dendrites, which are preferentially affected
by glaucoma. Posterior Pole Asymmetry analy-
sis by Spectralis OCT (Heidelberg Engineering)
offers the ability to measure the macula’s total
retinal thickness, as opposed to segmenting its
different layers. Intra-eye asymmetry analysis
can be used to compare the inferior and superior
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halves of the macula [5]. Additionally, inter-eye
asymmetry analysis allows for one-to-one com-
parison of between-eye differences in superpixel
thickness. This method also provides for high
sensitivity and specificity [6]. The current version
of Spectralis OCT Glaucoma Module Premium
Edition can segment individual macular layers
but does not provide any statistical analysis capa-
bility. Both the SD-OCT and swept-source opti-
cal coherence tomography (SS-OCT) systems
are available from Topcon Medical Systems.
The SS-OCT system, named DRI-OCT Triton,
scans the peripapillary area and macula by way
of a single 9 x 12 mm scan and can concurrently
measure GCC and GCIPL thicknesses.

Cirrus HD-OCT (Carl Zeiss Meditec), with its
ganglion cell analysis (GCA) software, provides
for analysis of both the ganglion cell layer and
inner plexiform layer (GCL + IPL = GCIPL).
It identifies the RNFL and IPL outer boundar-
ies and yields GCIPL thickness as the difference
between them. This principle is based on the fact
that excluding the RNFL from inner retinal thick-
ness measurements can decrease variability [3].
Cirrus HD-OCT has, for the macular cube, two
scan options: the default one, whichisa 512 x 128
grid consisting of 128 horizontal B-scans each
comprising 512 A-scans, and a 200 x 200 mac-
ular scan algorithm offering 200 horizontal
B-scans each consisting of 200 A-scans. The
512 x 128 algorithm carries out 65,536 A-scans
and allows for higher horizontal resolution rela-
tive to the 200 x 200 cube scan, which consists
of 40,000 A-scans with higher resolution in the
vertical direction. The 200 x 200 macular cube,
however, has a shorter acquisition time and can
be useful for patients who have less-than-optimal
fixation. As such, Cirrus HD-OCT can provide
macular GCIPL thickness according to the ellip-
tical shape, specifically within the annulus of the
inner vertical and horizontal diameters of 1.0 mm
and 1.2 mm and the outer vertical and horizontal
diameters of 4.0 mm and 4.8 mm, respectively.

A macular GCA report provides the following:
(1) the average, minimum, and six-sector (supe-
rotemporal, superior, superonasal, inferonasal,

inferior, and inferotemporal) GCIPL thickness
parameters, (2) a GCIPL thickness map, and (3)
a GCIPL deviation map. These thickness param-
eters also present color codes (i.e., green, normal
range; yellow, outside 95% percent normal limit;
red, outside 99 percent normal limit) for com-
parison with the internal normative database. The
GCIPL thickness map offers a color-coded dis-
play of GCIPL thicknesses with a reference color
bar. The GCIPL deviation map represents the
deviation from the internal normative database;
it indicates yellow or red to represent GCIPL
thickness that is less than the lower 5% or 1% of
normative data, respectively, as well as uncolored
areas within the normal limits. Diagnostic classi-
fication by means of color coding provides intui-
tive results, thereby enabling clinicians to judge
the presence and characteristics of macular dam-
age effectively in an at-a-glance view.

Interpretation of Macular OCT

Cirrus HD-OCT’s Macular Report
(Fig.3.1)

1. Patient Data and Signal Strength: The
patient’s name and date of birth (DOB) are
checked for comparison with the normative
database’s age-matched data. Note that DOB
errors can significantly affect results. The
scan’s quality control metric is signal strength,
and it is recommended by the manufacturer to
repeat scans of signal strength less than six.

2. Thickness Map: Because Cirrus HD-OCT
measures GCL and IPL together, the thickness
map provides GCIPL thickness measurements
in a cube of 6 x 6 mm, focusing on an ellipti-
cal annulus centered on the fovea. The auto-
matic fovea-finder program determines the
location of the fovea. The interpreter, how-
ever, has to first confirm that placement is cor-
rect. The thickness measurements and color
codes are not related to the normative data-
base’s values, i.e., they are the raw GCIPL
thickness data on the macula as scanned. Cool
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colors (blue, green) are employed to represent
thinner GCIPL, while warm colors (yellow,
red) represent thicker GCIPL.

Deviation Map: The GCIPL thicknesses as
measured across the 6 x 6 mm cube are
compared with the normative database’s age-
matched data and overlaid on the macula’s
infrared en face image. The approach used for
calculation of GCIPL thicknesses at superpix-
els is similar to those utilized for the RNFL
deviation map of the Optic Disc Cube’s RNFL
and ONH OU analysis. The device measures
GCIPL thicknesses throughout the 6 x 6 mm
data cube, each A-scan translating into a
30 pm-square pixel. It combines 16 adjacent
pixels to create superpixels of 16 A-scans
(4 x 4 pixel squares). Each superpixel covers
an approximately 120 x 120 um area. These
are then compared with the data of the norma-
tive database; no overlay color code is used to
represent areas of normal thickness.
Superpixels with GCIPL thicknesses between
the first and fifth percentiles of prediction
limit for normal subjects are flagged in yel-
low. Superpixels having a GCIPL value thin-
ner than the first percentile cutoff point for
normal subjects are displayed in red on the
en-face OCT image. In summary, any region
not coded red or yellow can be considered to
be within or above the normal limits.

The Sector Map: The 4.8 x 4.0 mm oval region
centered on the fovea consists of a central
1.2 x 1.0 mm diameter elliptical region that
represents the fovea where GCIPL thickness
is minimal as well as an outer elliptical region
for which sectorial measurements are pro-
vided. This elliptical annulus is divided into
three equal-size pie-shape sectors in the supe-
rior and inferior regions. Measurements
beyond the normative database’s range are
shaded in gray. Measurements that fall within
the normal measurements’ thickest 5% are
displayed in white; those within the 5-95%
prediction limits are shown in green (normal);
thickness measurements falling between 1%
and 5% of the normative database’s prediction
limits are considered borderline abnormal

and, as such, are marked in yellow. Finally,
measurements displayed in red are considered
to be outside the normal limits and to have
thickness values below the normative data-
base measurements’ thinnest 1%.

5. Thickness Table: The thickness table displays
the average and minimum GCIPL thickness
measurements in the elliptical annulus. The
color codes are the same as for the sector map.

6. Horizontal Tomogram of the Macula: This
tomogram (B-scan) serves the following pur-
poses. Initially, the interpreter confirms the
tomogram passes through the fovea. If so, it is
assumed that the elliptical annulus was posi-
tioned correctly by the automatic fovea finder
and the aforementioned maps provided data
are reliable. Second, macular pathologies that
might affect the analysis can be detected.

Cirrus HD-OCT PanoMap Analysis

The PanoMap analysis combines the 512 x 128
Macular Cube or 200 x 200 Macular Cube with
the 200 x 200 Optic Disc Cube scan into a sin-
gle report. This integration of a wide-field view
of the RNFL and ONH analysis with Ganglion
Cell OU and Macular Thickness analysis pro-
vides the interpreter the opportunity to evalu-
ate the macula, peripapillary area, and disc
altogether (Fig. 3.2). The color codes and prin-
ciples of PanoMap report interpretation are
similar to those of the RNFL/ONH and GCA
reports.

Spectralis OCT Posterior Pole
Asymmetry Analysis (Fig. 3.3)

1. Patient and Test Information: Displays gen-
eral patient information in the form of patient
name, ID, diagnosis, DOB, examination date,
and gender.

2. Posterior Pole Thickness Map: In each 3° x 3°
superpixel on the 8 x 8 grid, the average reti-
nal thickness is displayed. The warmer (more
red) the color on the map indicates, the thicker
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in the subsection 1.3.3 (the blue squares’ label numbers correspond to the heading numbers used therein)

the retinal area. The compressed color scale
on the map’s right side is utilized to localize
the smallest retinal thickness differences
between adjacent areas.

3. Interocular Asymmetry Map: The retinal
thicknesses at 64 superpixels in one eye are
compared with the corresponding
measurements in the other eye. Superpixels
with gray shades represent reduced thick-
nesses relative to corresponding superpixels
in the other eye. The gray scale intensity
reflects the magnitudes of difference between
the eyes’ corresponding superpixels.

4. Hemisphere Asymmetry Map: The average
retinal thickness in superpixels in one hemi-
sphere is compared with the corresponding
value in the opposite hemisphere. Superpixels
showing any shades of gray in one hemisphere
indicate reduced thicknesses relative to those
in the corresponding hemisphere. The inten-
sity of the gray color is a function of the
degree of difference between the two hemi-

spheres’ corresponding superpixels (black:
>30 pm difference).

5. Average Thickness Chart: The averaged reti-
nal thickness of the central 24° x 24° area is
provided along with superior and inferior
hemisphere thickness measurements.

Diagnosis of Glaucoma

Glaucomatous Change on Macular
GCA Map

On the macular GCA deviation map, glaucoma-
tous damage is represented as follows (Fig. 3.4):
yellow-colored and red-colored areas indicative
of decreased macular GCIPL thickness presented
in arcuate to crescent shape, located predomi-
nantly in temporal macular regions along the hor-
izontal raphe and usually located also within the
same hemifield as corresponding RNFL defect
and optic disc neuroretinal rim loss.
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Fig. 3.4 Images of left eye diagnosed with open-angle
glaucoma. (A, B) Note the inferior neuroretinal rim thin-
ning and inferotemporal retinal nerve fiber layer (RNFL)
defect with (C) corresponding superior visual field defect.
Corresponding (D-F) macular ganglion cell-inner plexi-

Diagnostic Ability in Early Glaucoma

Disease severity affects the glaucoma-diagnostic
ability of SD-OCT; therefore, investigators have
been keen to validate the diagnostic performance
of macular parameters for early disease stages.
According to the obtained results, macular parame-
ters have shown excellent, RNFL-comparable diag-
nostic ability in glaucoma-suspect and preperimetric
glaucoma patients [7-11]. The macular parameter
demonstrating the best diagnostic performance
was inferotemporal GCIPL thickness; there was
no significant difference between the best pPRNFL
(7 o’clock sector) and ONH (rim area) param-
eters in detection of preperimetric glaucoma [12].
Moreover, for preperimetric glaucoma, the macular
GCIPL deviation map has shown diagnostic per-
formance comparable to the pRNFL deviation map

form layer (GCIPL) defect is demonstrated on optical
coherence tomography (OCT). The glaucomatous macular
GCIPL defect in the macular ganglion cell analysis dem-
onstrates a typical arcuate shape that apparently was
related to the peripapillary RNFL defect

[13]. Relevantly, too, good early-glaucoma detec-
tion ability (—6 dB <visual field mean deviation) has
been demonstrated for macular GCA maps, the rate
of detection ranging from 79.4% (thickness map) to
87.8% (deviation map) [8].

Diagnostic Ability in Myopic Eyes

Detection of glaucomatous damage in patients
with high degrees of myopia is often challeng-
ing due to unique ocular characteristics including
tilted optic disc and peripapillary atrophy. It has
been reported that macular inner retinal thickness,
relative to pRNFL thickness, is less affected by
myopia degree or myopic-change-related ONH
morphology [4, 13]. And, as expected, macular
parameters have demonstrated comparable-to-
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pRNFL diagnostic performance, even in myopic
eyes [14-16]. The best parameters for discrimina-
tion of normal from glaucomatous eyes in a highly
myopic group were deemed to be inferior RNFL
(AUROC 0.900) and inferotemporal GCIPL thick-
ness (AUROC 0.852) [15]. Inferotemporal macu-
lar GCIPL thickness, in fact, has been found to be
best for glaucoma detection in cases of myopic
preperimetric glaucoma as well [16]. Moreover, in
diagnostic ability, it was found to be significantly
better than average or inferior RNFL thickness and
rim area. Thus far, the majority of relevant studies
agree that macular parameters provide—even for
highly myopic eyes—reliable diagnostic param-
eters. However, for accurate interpretation of glau-
comatous change in such cases, due consideration
must be given to segmentation error, artifacts, or
possible instances of false-positive innate abnor-
mality relative to the internal normative database.

Clinical Tips for Use of Macular GCA
Maps in Cases of Diagnostic
Uncertainty

Other than GCIPL thickness measurements,
the chief advantages of macular GCA are the

thickness and deviation maps showing GCIPL
defect. The characteristics of GCIPL defect
can aid clinicians’ differentiation of glaucoma
from other macular diseases or optic neuropa-
thies. Interestingly, based on detection of supe-
rior—inferior GCIPL thickness difference across
the temporal horizontal raphe (i.e., the GCIPL
hemifield test), Kim and colleagues were able
to offer a practical tip on how to use the GCIPL
thickness map: such positivity of hemifield dif-
ference suggests a strong probability of glau-
comatous damage [17]. This can be useful for
discrimination of early structural damage, espe-
cially in highly myopic patients with depig-
mented fundus and RNFL defect that is not
visible or in patients with preperimetric or early
perimetric glaucoma [18]. In addition, detection
of superior—inferior GCIPL thickness difference
across the temporal horizontal raphe can be an
effective tool for discrimination of glaucoma-
tous from non-glaucomatous GCIPL thinning.
A steplike configuration near the temporal raphe
(the so-called positive temporal raphe sign,
Fig. 3.5) appears on OCT macular thickness
maps along with absence of relative afferent
pupillary defect can be regarded as glaucoma-
tous GCIPL thinning [19].

Pattem Deviation

Fig. 3.5 Macular ganglion cell-inner plexiform layer
thickness map showed a horizontally demarcated line in
the temporal macular area as indicative of the positive

temporal raphe sign (arrows). Definite functional glauco-
matous defect shown in corresponding visual field (i.e.,
superior hemifield)
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Detection of Glaucoma Progression

A longitudinal study of glaucomatous and healthy
eyes reported that GCIPL, as compared with
pRNFL, showed similar sensitivity levels for
detection of glaucoma progression [20]. RNFL
evaluation is less sensitive than the visual field
for tracking of advanced cases of progression;
this is due to a floor effect, which occurs once
the residual RGC layer has nearly diminished
[21, 22]. A longitudinal study of visual-field-
determined advanced glaucoma eyes demon-
strated the average macular thickness loss rate
was significantly higher in the progressed group
than in the stable or undetermined groups over a
mean follow-up period of 2.2 years. Furthermore,
the average pRNFL thickness loss rates among
the groups were similar, which suggests macular
thickness assessment could be better for detec-
tion of progression in cases of advanced glau-
coma [23, 24]. However, additional longitudinal
studies including longer follow-up durations
must be completed.

Progression Analysis Software

OCT manufacturers use various strategies for
determination of glaucoma progression. Guided
Progression Analysis (GPA) is the software pack-
age of the Humphrey Field Analyzer (HFA) (Carl
Zeiss Meditec, Inc., Dublin, California). Similar
to the HFA’s GPA, Cirrus HD-OCT provides both
event-based and trend-based analyses for detec-
tion of glaucoma progression. Currently, this
is the only commercial OCT software package
offering both event-based and trend-based analy-
ses for RNFL calculation circle measurements,
pRNFL thickness maps, macular ganglion cell
thickness maps, and ONH parameters.

Basic Concepts of Cirrus HD-OCT'’s
Ganglion Cell GPA

The ganglion cell GPA of Cirrus HD-OCT tracks
changes of macular GCIPL thickness. Typically,
GPA’s event analysis employs the first two scans

as baseline data and then compares as many as
six subsequent scans to the baseline images.
The user can choose any two available scans as
baseline images and can look for progression
after a specific date. One of the most important
properties of Cirrus HD-OCT GPA is its non-
dependence on the normative database. GPA
makes all of its comparisons between the mean of
the two baseline images and a patient’s follow-up
scans; as such, the results are not related to any
normative database-derived data. This indepen-
dence prevents any errors related to anatomical
variations or refractive errors or to race- or age-
related differences. The results can be considered
truly specific to the given individual.

Reading Cirrus HD-OCT’s Ganglion
Cell GPA Report (Fig. 3.6)

1. Patient Data: Check the patient’s name and
date of birth

2. Baseline and Follow-up Maps: The initial four
rows provide the date, patient ID, registration
method, signal strength, and average GCIPL
values throughout the elliptical annulus. The
second part includes serial maps displaying
the actual values measured inside of the mac-
ular elliptical annulus using the false color
code scheme, as explained previously. As is
the case in the RNFL thickness map progres-
sion analysis, these are the raw thickness data
for a scanned eye, and the color coding is
independent of the normative database. Before
the results can be evaluated, these maps need
to be checked for imaging artifacts. On the
maps, gross thickness-value changes can be
observed.

3. Thickness Change Maps (Event Analysis):
These maps display deviations from the two
baseline measurements. If the change of thick-
ness exceeds the test-retest variability for spe-
cific superpixels relative to the baselines, those
pixels are flagged in orange as “possible loss.”
In the subsequent scan, if the same superpixels
show thinning beyond the test-retest variabil-
ity, they are flagged in red as “likely loss.”
Finally, if superpixels display thickening
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Fig.3.6 Two-page printout of Cirrus HD-OCT’s macular
ganglion cell Guided Progression Analysis (GPA) report.
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. Average Thickness

beyond the expected test-retest variability,
they are flagged in lavender as ‘“possible
increase,” which can result from macular
edema, vitreomacular traction, artifacts or just
measurement noise. Changing superpixels are
flagged if change is present in 20 or more pix-
els that are adjacent to each other.

Change Plot (Trend
Analysis): Average values of elliptical annulus
thickness are plotted as a function of time.
Each measurement is shown in a small black
circle if the change does not exceed the test-
retest variability relative to the baseline. If
there is thinning beyond the test-retest vari-
ability, the circle representing the scan is col-
ored orange; if the following GCL + IPL
measurement continues to be significantly
thinner than the baseline, the circle is colored
red. If both “likely loss” (on event analysis)
and a significant linear trend (p < 0.05) exist,
the rate of loss is estimated by plotting of a
linear regression line. The regression line’s
confidence interval is shaded around it in gray.
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The slope of the regression line also is pre-
sented as the rate of change in pm/year (+
95% confidence interval). This rate of change
is presented only if there are four or more
scans spanning 2 years or more.

. Total Superior Thickness Change Plot (Trend

Analysis): Superior-half GCIPL measure-
ments for the elliptical annulus are plotted as
a function of time. The same manner of pre-
sentation as for the Average Thickness Change
Plot (described above) is used here.

. Total Inferior Thickness Change Graph

(Trend Analysis): Inferior-half GCIPL mea-
surements for the elliptical annulus are plot-
ted as a function of time. Again, the same
manner of presentation as for Average
Thickness Change Plot is used here. In most
early stage glaucoma patients, the initial
signs of progression are observed in the mac-
ula’s inferior temporal sector.

. Summary: The two analysis types employed

in ganglion cell GPA are the thickness pro-
gression map and thickness progression analysis.
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Each analysis has a box that is checked in
cases where there is significant observable
change. An orange check—*possible loss”—
indicates that progression is detected on one
scan; a red check —“likely loss”— denotes a
progression on two, consecutive scans, and a
lavender check denotes “possible increase.”

8. Summary Parameters Table: The table, which
is found on the ganglion cell GPA report’s
page two, summarizes the data utilized to
draw the page one plots. An event analysis of
the measurements is performed. The cells
containing values indicative of change beyond
test-retest variability relative to the baseline
values are colored orange as “possible loss,”
meaning progression is detected on one scan;
red, as “likely loss” denoting progression
detected on two, consecutive scans, and laven-
der, in cases where “possible increase” in
thickness is detected.

9. Legend: The legend defines the available
image registration modes, the color codes, as
well as the criteria for “possible loss,” “likely
loss,” and “possible increase.”

Spectralis OCT’s Posterior Pole
Retinal Thickness Change Report

The report, including the retinal thickness change
map, indicates the retina’s full-thickness change
as measured by the Posterior Pole Horizontal
Algorithm. The retinal thickness change map is
a color-coded map of posterior pole retinal thick-
ness. The color scale, located on the right side
of the map, is used to define even the smallest
retinal thickness differences among superpixels
for the selected tests, increasing intensities of
red representing increased thinning, and green
representing thickening. No change is indicated
in black. This color scale is completely different
from both the false-color code used with the hori-
zontal tomogram and the color code used with
the retinal thickness maps. It should be noted
that red color on the retina thickness change map
denotes thinning, in direct contrast to the retinal
thickness maps.

Relationship Between RNFL
and Macular Parameters

Many studies have tried to integrate pPRNFL with
macular GCIPL parameters and to determine
the spatial relations between them. Dr. Hood at
Columbia University, hypothesized macular area
involvement in cases of early glaucomatous dam-
age and further posited that glaucomatous macular
damage typically is associated with local RNFL
thinning within a narrow disc region they named
the macular vulnerability zone [25]. Kim et al.
investigated the temporal relationship of inferior
macular GCIPL loss to corresponding pRNFL
defect on the OCT deviation map. In early glau-
coma eyes, GCIPL change was frequently detected
before any corresponding pRNFL change, which
suggested as a cause superior GCIPL deviation
map sensitivity allowing for earlier detection of any
abnormality in the macular area [26]. Considering
OCT pRNFL analysis alone can overlook macular
damage, it is advisable that GCIPL evaluation be
included in imaging algorithms for the purposes of
serial observation of glaucoma patients and glau-
coma suspects.

With regard to glaucoma progression, a pro-
spective study performed by Hou and colleagues
including an average follow-up duration of
5.8 years demonstrated that progressive pRNFL
and macular GCIPL thinning, as determined by
GPA, are mutually predictive. The study also
found integrating macular GCIPL with pRNFL
measurements facilitates early detection of
worsening disease, as progressive pRNFL thin-
ning and macular GCIPL thinning both can be
considered to be indicative of visual field pro-
gression [27].

The evidence accumulated suggests that ONH,
pRNFL, and macular measurements are all com-
plementary, and the use of multiple parameters
enhances sensitivity for glaucomatous change
detection. However, use of multiple parameters
might increase false-positive rates. Therefore, the
availability of multiple structural parameters rep-
resents both an opportunity and a challenge as to
which issue needs to be addressed thoroughly in
further studies.
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Artifacts and Anatomical Variations
in Macular OCT

Clinicians should be aware of limitations related
to some OCT devices’ restricted macular scan-
ning area. Glaucomatous eyes showing RNFL
defect having a long angular distance from the
fovea must be examined with caution, as corre-
sponding macular damage might be located out-
side of the scanning area [8, 12].

Additionally, in GCIPL-diagnostic classifi-
cations for normal, healthy populations, false-
positive findings have been reported; this would
suggest OCT-based diagnostic classifications
should be interpreted with special caution, espe-
cially in cases of eyes with long axial length,
large fovea—disc angle and small optic discs [28].
Young Hoon Hwang reported abnormal patterns
on GCIPL deviation maps for cases with diseases
including macular degeneration (ring-shaped pat-
tern), epiretinal membrane (irregular color-coded
pattern), and compressive optic neuropathy (ver-
tical hemifield abnormality), all of which demand
careful GCIPL deviation map interpretation [29].
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OCTA in Glaucoma

Grace M. Richter and Ruikang K. Wang

Optical coherence tomography angiography
(OCTA) is a noninvasive, fast, and cost-effective
modality that provides high-resolution 3D imag-
ing of the retinal microvasculature [1-3]. OCTA
uses the variation in optical coherence tomogra-
phy (OCT) signal caused by moving particles—
namely, red blood cells—as the contrast agent
for imaging blood flow. Sequential repeated
scans are obtained to extract signals that are
indicative of the moving red blood cells, upon
which to create the angiographic image of the
perfused microvasculature (Fig. 4.1). First FDA
approved in 2015, OCTA has significant advan-
tages to its precursor technologies. Fluorescein
angiography [4], laser Doppler flowmetry and
laser speckle flowgraphy [5-8], Doppler OCT
[9, 10], and color Doppler ultrasonography [11,
12] previously demonstrated reduced optic disc
perfusion and retrobulbar blood flow in glauco-
matous eyes but were limited in their abilities to
see the microcirculation. Since 2015, there has
been a wealth of literature demonstrating the
ability of OCTA to identify glaucoma and even
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Fig. 4.1 3 x 3 mm OCTA en face image of the radial
peripapillary capillary layer of a patient’s left eye demon-
strating an inferotemporal wedge defect from glaucoma-
tous damage

its various stages of severity. These studies have
demonstrated its correlations with structural and
functional measures of the disease and have sug-
gested potential advantages to traditional OCT
assessment of retinal nerve fiber layer thickness.
Future longitudinal studies will help to under-
stand the role of OCTA in identifying disease
progression and may also aid efforts to under-
stand the role of vascular abnormalities in the
pathogenesis of glaucoma. This chapter details
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evidence for the current utility of OCTA for
clinical assessment of glaucoma, highlights its
potential as both a clinical and research tool and
discusses practical pearls for incorporating it
into your practice.

Diagnostic Accuracy of Glaucoma
Detection

Optic Disc

In 2012, An et al. and Jia et al. were the first to
describe OCTA imaging of the optic disc vascu-
lature in humans [13, 14]. An et al. used the opti-
cal microangiography (OMAG)-based algorithm
of OCTA and demonstrated the high-resolution
relationship between optic disc microvascula-
ture with laminar structure [13]. Jia et al. used
the split-spectrum amplitude-decorrelation angi-
ography (SSADA) algorithm and demonstrated
reduced ONH perfusion in preperimetric glau-
coma eyes compared to normal eyes [14]. Several
other studies have since demonstrated signifi-
cantly reduced microcirculation within the optic
nerve head in glaucoma compared to normal eyes
[15-20], but area under the receiver operating
curve (AUC) measurements of diagnostic accu-
racy has been relatively low, ranging from 0.57
to 0.82 using various measures of disc perfusion
[15, 16, 19]. Utility of optic disc microcirculation
measurements for glaucoma diagnosis is limited
by segmentation difficulties due to disc anatomy
variation and artifacts from large blood vessels,
so most recent work has focused on the peripapil-
lary and macular regions.

Peripapillary Area

Significant work has been done on the efficacy
of studying the superficial microvasculature in
the peripapillary region. Most of these studies
have looked specifically at the radial peripap-

illary capillaries, the microvasculature within
the retinal nerve fiber layer. These largely case-
control or clinic population studies have dem-
onstrated AUCs for peripapillary vessel density
between 0.79 and 0.94 for detection of POAG
[16, 21-28]. These studies have varied in terms
of OCTA algorithm used, image size used, and
minor differences in segmentation algorithms.
When analyses for particular segments of the
peripapillary region have been done, the infe-
rior and superior quadrants are generally best,
as seen with RNFL thickness data [29]. This is
supported by understanding that glaucoma dam-
age tends to happen in the inferior and superior
regions first [30-32]. It has also been demon-
strated that diagnostic accuracy for detection
of early glaucoma was greatest for the inferior
and superior quadrants; but diagnostic accuracy
for detection of moderate to severe glaucoma
was good for each quadrant, indicating that
early glaucoma damage is typically more focal
but advanced disease typically has more dif-
fuse damage [29]. When 4.5 x 4.5 mm versus
6 x 6 mm scan sizes have been directly com-
pared with spectral domain OCTA, the 4.5 mm
scans outperformed the 6 mm scans, indicating
higher digital resolution of the immediate peri-
papillary area was most important in detecting
glaucomatous changes [33].

While most studies focused on measures
of perfused vessel density, a few studies have
tried to measure the fluid dynamics of the peri-
papillary microvasculature. Liu et al. reported
a peripapillary flow index, which was based
on the average decorrelation value and comes
from SSADA-based OCTA, and reported an
AUC of 0.89 in their small case-control study
of 12 normal patients and 12 glaucoma patients.
This was slightly lower than their AUC for peri-
papillary vessel density (VD) of 0.94 [21]. In
another case-control study, Chen et al. reported
an AUC for flux index, based on the mean flow
signal intensity from OMAG-based OCTA of
0.93, which was somewhat higher compared
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to their AUC for vessel density of 0.82 [25]. In
their glaucoma clinic population, Richter et al.
reported an AUC for peripapillary flux index of
0.87 compared to their AUC for peripapillary
VD of 0.84. In the available studies, flux seemed
to outperform VD while flow index appeared to
slightly underperform VD measurements. More
data is needed to understand the differences
between these flow-based parameters and the
perfused VD-based parameters for glaucoma.

Macula

There has been mounting interest in the utility
of macular OCTA imaging for glaucoma. Inner
macular thickness from OCT has previously
shown good diagnostic accuracy [34-36], and
the macular region has the benefit of avoiding
segmentation artifacts from disc and peripapil-
lary anatomic variations such as peripapillary
atrophy. Several studies demonstrated reduced
superficial macular vessel density in POAG
compared to normal, and the superficial micro-
vasculature has been shown to be superior to
deeper macular microvasculature [27, 28, 37—
46], which makes sense given the superficial
location of the ganglion cell bodies and their
axons. AUC values have largely ranged from
0.69 to 0.83, with the exception of a case-con-
trol study utilizing projection-resolved OCTA
reporting an AUC of 0.96. The limitation of
case-control studies is that the AUC can be
falsely inflated by the use of extremely nor-
mal cases rather than the more borderline cases
present in a true clinic population. Richter et al.
recently conducted an assessment of a true
glaucoma clinic population and found an AUC
for glaucoma detection of 0.73 for superficial
macular VD and 0.76 for superficial macular
flux [27]. However, in studies comparing macu-
lar VD to GCIPL thickness, structural thickness
measurements are still superior to macular VD
in terms of diagnostic accuracy [42, 45, 47, 48].

Several studies have begun evaluating the
foveal avascular zone (FAZ) in glaucoma using
OCTA. While precursor technologies such as
fluorescein angiography have previously dem-
onstrated enlarged FAZ in various conditions,
the detail of FAZ analysis has improved sub-
stantially with OCTA. Kwon et al. reported
FAZ size is correlated with VD, ganglion
cell-inner plexiform layer (GCIPL) thickness,
and central visual field (VF) sensitivity, and
FAZ perimeter is a good measure of detect-
ing glaucomatous eyes with central visual field
defects compared to those with only peripheral
VF defects [38, 39, 49]. Similarly Choi et al.
reported those eyes with central visual field
defects had lower FAZ circularity than those
eyes with peripheral defects [40]. This high-
resolution analysis of the FAZ was not possible
prior to OCTA and will likely continue to pro-
vide additional insight into glaucomatous eyes,
particularly those eyes with more central VF
defects.

Comparisons Between Anatomic
Regions

When considering which anatomic region is
best for glaucoma detection, it is useful to look
at studies evaluating various regions within the
same study population. Using a case-control
design and SSADA-based, Rao et al. reported
a diagnostic accuracy for VD of 0.73 within
the disc, 0.83 in the peripapillary region, and
0.69 in the macula [16]. Using a consecutive
glaucoma clinic population and OMAG-based
OCTA, Richter et al. reported an AUC of 0.84
for peripapillary VD and 0.73 for macular VD
and an AUC of 0.87 for peripapillary flux versus
0.76 for macular flux [27]. Using swept-source
OMAGe-based OCTA and a case-control design,
Trioli et al. reported an AUC of 0.88 for peripap-
illary VD versus 0.71 for macular VD for detec-
tion of glaucoma compared to healthy controls.
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They reported an AUC of 0.83 for peripapillary
VD versus 0.56 for macular VD for detection of
glaucoma compared to glaucoma suspects [50].
Using a case-control design and SSADA-based
OCTA, Chen et al. reported a macular VD AUC
of 0.94 compared to peripapillary VD of 0.93
[26]. With the exception of Chen’s study, these
studies reported better diagnostic accuracy for
the peripapillary region compared to the macu-
lar region. This is similar to the OCT literature
which has largely reported the superiority of
peripapillary RNFL thickness compared to inner
macular thickness measurements for glaucoma
detection [51].

Distinguishing Disease Severities

In general, OCTA studies have demonstrated
reduced vessel density with increasing glau-
coma severity and therefore increasing diag-
nostic ability with increasing severity of
disease [29, 52, 53]. Nonetheless, OCTA is
able to distinguish early glaucoma eyes from
normal eyes [29, 54], and, in terms of incre-
mental changes between disease stages, these
changes seem to be more pronounced at the
earlier stages of disease compared to more
advanced disease [29, 47]. In a study that
included patients with unilateral glaucoma,
there was already significant reduction in peri-
papillary VD in the contralateral “healthy” eye
of patients with unilateral glaucoma compared
to normal eyes of patients without glaucoma,
suggesting that VD and, in fact, the ability to
distinguish these non-involved eyes in patients
with unilateral POAG from normal eyes, was
greater for peripapillary VD than RNFL thick-
ness [55]. These findings are interesting and
support the hypothesis that reduced VD may
be a marker for sick retinal ganglion cells
prior to apoptosis. There is limited data on
how OCTA performs at distinguishing between

more advanced stages of glaucoma, although
a study by Rao et al. suggested the peripap-
illary vessel density plateaus beyond a visual
field mean deviation of —15 dB, as compared
to plateauing around —10 to —15 dB for RNFL
thickness, indicating the floor effect for OCTA
may be slightly improved compared to RNFL
thickness [56]. Additional work is needed to
clarify this finding.

Correlation with Structural
and Functional Parameters

Overall, there have been strong correlations
between perfused VD measurements by OCTA
and corresponding structural measures (RNFL
thickness or ganglion cell complex thick-
nesses) and functional measures (visual field)
of glaucoma. These correlations have also been
demonstrated for focal anatomic areas [25, 28,
29, 50, 57]. The question has been evaluated in
several studies whether VD has a stronger cor-
relation with functional versus structural mea-
sures, and while more studies [19, 21, 25, 52,
58] than not [24, 29, 52, 53] seem to suggest
they correlate with functional measures more,
the results overall are inconsistent. One study
reported decreased vessel density was signifi-
cantly associated with severity of visual field
damage, independent of structural damage,
with the suggestion that reduced vessel density
may sometimes be a marker for sick dysfunc-
tional retinal ganglion cells before apoptosis
has occurred [58]. If there is truly a stronger
correlation of VD with functional measures,
this also suggests OCTA parameters are bet-
ter markers of visual function than structural
thickness values and supports the hypothesis
that OCTA may be able to detect dysfunctional
retinal ganglion cells prior to true apoptosis
and loss of tissue. Two studies evaluated glau-
comatous eyes with single hemifield defects
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and reported interesting results with respect
to the perimetrically normal hemiretina. The
OMAG-based study found reduced OCTA
measures with normal RNFL [59], and the sec-
ond SSADA-based study found both reduced
OCTA and OCT measures [55]. These stud-
ies suggest there may be early glaucomatous
changes detectable with OCTA before struc-
tural or functional changes even occur. While
the possibility of using OCTA for earlier detec-
tion of glaucomatous changes is promising,
longitudinal data are needed to clarify these
hypotheses.

Progression

Since OCTA has only been FDA approved
since 2015, there is limited data on how
OCTA performs in detecting glaucomatous
progression. Shoji et al. recently reported evi-
dence of macular VD loss over a 14-month
follow-up in glaucoma patients with no
detectable change in healthy patients [60].
These results suggest OCTA may be able to
detect early glaucomatous progression in the
macula that may not be evident with currently
available glaucoma testing, although these
results must be replicated in the future with
longer follow-up and should include the peri-
papillary region as well. If early progression
could be reliably detected with OCTA, this
would greatly enhance the ability to monitor
glaucoma patients and modify treatment in a
timely manner to prevent vision loss.

Assessments of Deeper
Microvasculature

There has been growing interest in studying the
deep peripapillary microvasculature because
it may offer insight into the deep optic nerve

head microvasculature, which is thought to be
subject to vascular insult leading to glaucoma-
tous damage. One limitation in studying the
deeper layers in OCTA, particularly spectral-
domain, has been that flow projection artifact
from the more superficial layers can obscure
the deeper microvasculature. Lee et al. were
able to demonstrate that peripapillary cho-
roidal microvasculature dropout in glaucoma
patients is comparable to that seen with ICG,
and thus this is a reliable method to visualize
the deeper microvasculature [61]. Recent stud-
ies have found deep layer peripapillary micro-
vasculature dropout is more likely in eyes with
recent progression [62, 63] and in eyes with,
and at the site of, prior disc hemorrhage [63,
64]. Suh et al. reported beta peripapillary
atrophy without Bruch’s membrane—termed
gamma peripapillary atrophy—is associated
with deep microvasculature dropout and sug-
gested the exposed scleral flange predisposes to
stress and strain on the posterior ciliary arteries
[65]. Other factors found to be associated with
deep microvasculature dropout include more
advanced glaucoma, reduced RNFL VD, thin-
ner choroidal thickness, and lower diastolic
blood pressure [66]. These interesting cross-
sectional studies provide evidence that this
deep dropout is part of glaucomatous damage
not previously visualized. Longitudinal studies
are needed to understand whether these pre-
cede or follow RNFL loss.

Effect of Glaucoma Treatment
on Vessel Density

Currently, there is limited data on the effect
various glaucoma treatments have on the
retinal microcirculation as measured by
OCTA. While topical medications may or may
not have a vasoactive effect, glaucoma surgi-
cal treatments are hypothesized to improve
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ocular perfusion pressure by reducing intra-
ocular pressure. A sub-analysis in a report by
Takusagawa et al. previously suggested topical
beta-blocker use may reduce macular vessel
density [41]. Chihara et al. compared the effect
of topical rho-associated coiled-coil containing
protein kinase (ROCK) inhibitor ripasudil ver-
sus brimonidine on peripapillary VD and found
ripasudil increased peripapillary VD while bri-
monidine had no effect [67]. Some preliminary
work has begun to investigate whether intra-
ocular pressure reduction from trabeculectomy
alters vessel density within and around the
optic nerve head in glaucoma patients. Shin
et al. recently demonstrated over half of eyes
had a 30% or more reduction in peripapillary
microvascular dropout area 3 months after tra-
beculectomy, and this was significantly associ-
ated with reduction in lamina cribrosa depth.
Using swept source OCTA, Kim et al. showed
that after trabeculectomy, there was a signifi-
cant increase in VD at the level of the lamina
cribrosa but not in the peripapillary retina.
Additional studies are needed to understand
the effect topical medications and intraocular
pressure reduction in general has on retinal
perfusion.

Patient Factors Affecting Vessel
Density

While the relationship between microcircu-
lation parameters such as vessel density and
glaucoma is becoming more defined, there
have been limited studies on other ocular and
systemic factors that may also affect retinal
microcirculation. A relatively small study of
healthy eyes by Rao et al. recently reported
hypertension, diabetes, and male gender
reduced microcirculation measurements, but
age and disc size did not affect microcircula-
tion. An animal study by Jiang et al. demon-

strated increased age was in fact associated
with reduced retinal capillary filling index
under various intraocular pressure challenges
due to reduced autoregulation capacity [68].
Data from the African American Eye Disease
Study (AFEDS), a large population-based study
of more than 1000 healthy eyes, demonstrated
advanced age was independently associated
with reduced peripapillary microcirculation.
AFEDS also reported the independent asso-
ciations of male gender, longer diabetes dura-
tion, longer axial length, and thinner RNFL
with reduced peripapillary microcirculation
in healthy eyes without preexisting conditions
such as glaucoma or diabetic retinopathy [69].
The influence of diabetes on even peripapil-
lary microcirculation emphasizes the impact
diabetes is having on capillary beds even when
no pathology is otherwise noted. Additionally,
this may provide evidence that diabetes may
increase risk for glaucoma [70, 71] by affect-
ing the peripapillary or optic nerve microvas-
culature. The finding associating longer axial
length with reduced peripapillary microcircu-
lation in healthy eyes similarly may also pro-
vide evidence that myopia increases risk for
glaucoma [72] by compromising the peripapil-
lary microvasculature. Longitudinal studies are
needed to clarify these hypotheses and whether
these factors compromise optic nerve micro-
vasculature. However, the effects of these fac-
tors on perfusion need to be considered when
clinicians interpret OCTA images.

In these studies as well as others, signal
strength has been shown to be an important fac-
tor affecting microcirculation measurements
and was therefore required to control for dur-
ing analyses. Signal strength is a measure of
the amount of signal reaching the retina and
can be degraded by media opacities such as
punctate epithelial keratopathy from dry eye,
cataract, or vitreous floaters. In fact, it has been
shown that even with signal strength >7, ves-
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sel density measurements are associated with
signal strength [73]. This often-overlooked
feature will be extremely important to con-
sider not only in future research but also when
examining the OCTA data of glaucoma patients
longitudinally.

Practical Pearls for Using OCTA
in Glaucoma Practice

OCTA imaging is now an add-on capabil-
ity available on most commercially available
spectral-domain OCT devices and images can
be easily captured at the same time as routine
OCT. In contrast to traditional OCT, where good
quality images can usually be captured on the
undilated pupil, OCTA images, particularly
of the peripapillary region, are of much better
quality if performed on the dilated pupil. It is
also important for the patient to maintain good
positioning without movement during image

acquisition, as OCTA images are more sensi-
tive to motion artifact. When following sequen-
tial OCTA images of the same patient, it is also
important to understand the effect of media
opacities such as floaters (Fig. 4.2) or cataract
on the signal strength and the resultant vessel
density measurements. For example, cataract
extraction may result in improved vessel density
in patient’s eyes.

The qualitative OCTA images of one patient
may be extremely helpful in analyzing patients
with indeterminate OCT findings. One such
example was previously published of a patient
with uveitic glaucoma with gliotic changes
causing the RNFL thickness to be supranormal
but with OCTA demonstrating reduced perfu-
sion in the affected eye [74]. Another exam-
ple is demonstrated in Fig. 4.3. These images
are from a patient whose OCT and VF were
indeterminate but whose OCTA image helped
to cinch a diagnosis of primary open angle
glaucoma.

Fig. 4.2 6 x 6 mm OCTA en face flow and structural images of a glaucomatous left eye with a large floater causing
artifact nasal to the optic disc
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Fig.4.3 These OCTA and OCT images are of a 72-year-old  revealed cup-disc ratio of 0.4 in each eye. While RNFL thick-
male who presented for glaucoma suspect evaluation with — nesses were mostly normal, OCTA revealed a classic supero-
low-normal intraocular pressures in each eye; visual field temporal wedge-like defect in the radial peripapillary
was unreliable but showed trace inferior visual field defectin  capillary layer supplying the RNFL of the right eye. The
the right eye but normal in the left eye. Optic nerve exam  patient was diagnosed with early POAG in the right eye
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Conclusion

In summary, significant progress has been made
over the last 4 years in how the retinal micro-
circulation, as measured by OCTA, is affected
in glaucoma and how this powerful tool has
improved the ability to care for glaucoma
patients. OCTA measurements of vessel density
are most useful for glaucoma in the immediate
peripapillary region within the radial peripapil-
lary capillaries. Nonetheless, meaningful assess-
ments of the deeper optic nerve microvasculature
and the superficial macular microcirculation
have provided important insights into the vas-
cular pathophysiology of glaucoma. While ana-
lyzing OCTA data from patients, it is important
to understand the impact of ocular and systemic
factors also influencing vessel density. Future
longitudinal research will continue to clarify
hypotheses related to the vascular mechanisms
underlying glaucoma and will help determine
whether OCTA can truly detect dysfunctional,
but perhaps salvageable, retinal ganglion cells.
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Examination of the Optic Nerve
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Clinical Examination of the Optic
Nerve

Examination of the optic nerve remains essential
for the diagnosis and management of glaucoma.
Despite advances in structural imaging of the optic
nerve, the clinical exam is invaluable in identify-
ing glaucomatous optic neuropathy and monitor-
ing patients for signs of progressive disease. The
normal optic nerve has a mean vertical disc diam-
eter of 1.88 mm and horizontal disc diameter of
1.77 mm [1]. The mean disc area may vary accord-
ing to race, with African-Americans reported to
have a large disc size compared to other races.
Using a variety of methods, estimates of the
mean disc area in African-Americans range from
2.14 mm? to 3.75 mm?, 1.7 mm? to 2.63 mm? in
Caucasians, 2.46 mm? to 2.67 mm? in Hispanics,
and 2.47 mm? to 3.22 mm? in Asians [2]. The size
of the optic nerve is best examined after pupillary
dilation since examination without dilation leads
to significantly poorer interobserver agreement
compared to dilated pupils [3]. The optic nerve
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may be examined in the clinic using a variety of
methods, although slit-lamp biomicroscopy is the
most commonly employed technique. An accurate
estimation of the optic nerve size depends upon
the type of high power convex lens used for exami-
nation. Correction factors have been proposed for
common lenses (+60 D, +78 D, SuperField NC,
or 490 D), although a single correction factor for
each lens may not be appropriate depending upon
the refractive error of the patient [4].

Recording the appearance of the optic nerve
with color fundus imaging is critical to document
the appearance of the nerve and allows for serial
photograph comparisons to evaluate for progres-
sion. Fundus imaging is especially beneficial in
documenting the presence of an optic disc hemor-
rhage or a wedge-shaped retinal nerve fiber layer
(RNFL) defect. Stereoscopic fundus images are
preferable to monoscopic images because mono-
scopic images have been shown to lead to more
interobserver variation and may lead to underesti-
mation of the vertical cup-to-disc ratio (CDR) [5].

The appearance of the optic disc in glaucoma
can be quite variable. Classically, four pheno-
typic appearances of the glaucomatous optic
nerve were described: (1) focal localized tissue
loss, (2) generalized enlargement of the optic disc
cup without localized defect, (3) myopic glauco-
matous disc with peripapillary atrophy and tilted
discs, and (4) senile sclerotic discs with shallow,
saucerized cup and the “moth-eaten appearance”
of peripapillary atrophy [6, 7]. The differing
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appearance of the optic disc may be multifacto-
rial and may in part be due to individual variation
of the lamina cribrosa and its response to elevated
intraocular pressure (IOP) [8].

Clinical Findings of the Optic Nerve
in Glaucoma

Optic Nerve Excavation

Excavation of the optic nerve, clinically known as
cupping, is the most commonly recognized mor-
phologic change of the glaucomatous optic nerve
(Fig. 5.1). The pathophysiology of optic nerve
cupping and subsequent optic neuropathy has
been researched in experimental monkey studies
and has two proposed components: prelaminar
thinning and laminar deformation [9]. Prelaminar
thinning consists of thinning of the prelaminar
tissues due to compression or loss of retinal gan-
glion cells (RGC) without significant connective
tissue involvement. Laminar deformation occurs

Fig. 5.1 Fundus photograph of the optic nerve demon-
strating excavation of the optic nerve with exposure of the
laminar pores

as a result of changes of the lamina cribrosa or
peripapillary scleral tissues and is thought to be
a permanent, IOP-induced change. The laminar
component of cupping is predominant in glauco-
matous optic neuropathy and is characterized by
a posterior displacement of the optic nerve head
(ONH) surface [10]. Thus, the defining phenom-
enon underlying glaucomatous optic neuropathy
is deformation and/or remodeling of the neural
and connective tissues of the ONH, regardless of
the mechanism of injury or the level of IOP [10].

Despite its significant association with glau-
coma, optic nerve cupping can also be observed
in a number of other optic neuropathies, includ-
ing methanol toxicity, dominant optic atrophy,
optic neuritis, arteritic ischemic optic neuropa-
thy, or intracranial tumors leading to compressive
optic neuropathy [11-14].

Optic Nerve Notching

An optic nerve notch is a focal loss of the neu-
ral rim width associated with a change in the rim
curvature (Fig. 5.2). A notch is indicative of a
structural change to the disc as a result of local-
ized glaucomatous damage causing loss of the
tissue of the neuroretinal rim.

The Blue Mountains Eye Study found the
prevalence of a neural rim notch increased with
age, from 2.48% in participants aged <60 years
to 4.1% for ages 60-69 years, 7.98% for ages
70-79 years, and 15.3% for ages 80 years or
older. A notch was strongly associated with glau-
coma diagnosis (OR 21.2, CI 8.8-50.8). The sen-
sitivity and specificity for glaucoma with visual
field loss of finding a notch in either eye was
90.3% and 96.8%, respectively. The positive pre-
dictive value of a notch was 45.4% and negative
predictive value 99.7%.

Peripapillary Atrophy

Peripapillary atrophy (PPA) around the optic
nerve is another morphologic finding in the
glaucomatous optic nerve. Peripapillary atro-
phy is more frequently observed in patients with
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Fig. 5.2 Fundus photograph demonstrating focal notch-
ing (white arrow) of the optic nerve at the inferior margin
of the neuroretinal rim

glaucoma compared to normal patients and is
more commonly observed in myopic and older
eyes [15]. When compared to PPA in normal
eyes, PPA is significantly more extensive in
glaucomatous eyes, with more prominent PPA
associated with more advanced and chronic dis-
ease [16].

Peripapillary atrophy has previously been
classified in two different zones: (1) the “alpha”
zone located peripherally with irregular hyper-
and hypopigmentation and (2) the central “beta”
zone with marked atrophy of the choroid and
retina revealing the underlying choroidal vessels
and sclera [17-19]. Histologically, the “alpha”
zone corresponds to pigmentary changes of
the retinal pigment epithelium (RPE) while
the “beta” zone corresponds to a complete
loss of RPE and decreased photoreceptor layer
(Fig. 5.3). Accordingly, the “alpha” zone corre-
lates to a relative scotoma on visual field while
the “beta” zone relates to an absolute scotoma
[17]. The area of peripapillary atrophy, particu-
larly the “beta” zone, has shown significant cor-

Fig. 5.3 Fundus photograph demonstrating peripapillary
atrophy areas of “alpha” zone atrophy (white arrow) and
“beta” zone atrophy (white arrowhead)

relations with neuroretinal rim area, cup-to-disc
ratio, nerve fiber layer loss, and mean visual field
loss [18]. More recently, a “gamma” zone of peri-
papillary atrophy, corresponding to the region
between the temporal disc margin and the begin-
ning of Bruch’s membrane, has been identified
histologically and on enhanced depth imaging
spectral-domain optical coherence tomography
(SD-OCT) [20, 21]. Although the “gamma”
zone is associated with longer axial length, lon-
ger vertical disc diameter, and old age, it has not
been associated with glaucoma [21].

Increasing PPA has been associated with pro-
gressive optic nerve damage and progressive
glaucomatous visual field loss. In one study, 37%
of the eyes showed peripapillary atrophy pro-
gression during an 8-year follow-up period. The
incidence of PPA progression was significantly
higher in eyes with glaucomatous optic disc pro-
gression (64%) or glaucomatous visual field pro-
gression (75%) compared to eyes without optic
disc progression (14%) or glaucomatous visual
field progression (25%) [15].
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Although PPA can be helpful in determin-
ing glaucomatous progression, in comparison to
other parameters of the optic disc such as verti-
cal cup-to-disc, total neuroretinal rim area, and
rim/disc area ratio, PPA is less useful for differ-
entiating normal from pre-perimetric glaucoma
patients. In terms of detecting glaucomatous
optic neuropathy, peripapillary atrophy should
be considered second order parameter [22].
However, PPA may be helpful in distinguishing
glaucomatous from non-glaucomatous optic neu-
ropathy. Studies have shown that PPA does not
typically enlarge after non-glaucomatous optic
neuropathies such as nonarteritic anterior isch-
emic optic neuropathy or arteritic anterior isch-
emic optic neuropathy [23, 24].

Disc Hemorrhage

Optic disc hemorrhages (DH) are characterized
by flame-shaped or splinter-shaped hemorrhages
located in the retinal nerve fiber layer at the level
of the neuroretinal rim or immediately adjacent
to the optic disc margin (Fig. 5.4). Disc hemor-
rhage is not a specific entity to glaucoma and

Fig. 5.4 Fundus photograph demonstrating superior disc
hemorrhage of the optic nerve (white arrow)

can occur in a number of other ocular conditions,
including retinal vascular disease such as dia-
betic retinopathy or vascular occlusion, posterior
vitreous detachment, ischemic optic neuropathy,
or optic disc drusen. Jannik P. Bjerrum is credited
with first reporting the association with DH and
glaucoma in 1889 [25].

Although the exact mechanism of DH has not
been definitively established, both mechanical
and vascular factors appear to be involved in the
pathogenesis. The mechanical theory proposes
DH are caused by degenerative changes of the
connective tissue causing microvascular dam-
age, specifically small blood vessel rupture at
the level of the lamina cribrosa at the optic disc
margin or RNFL defect [1, 26]. With the advent
of enhanced depth imaging spectral-domain opti-
cal coherence tomography (SD-OCT), structural
alterations of the lamina have been strongly
associated with disc hemorrhage. Several stud-
ies have reported higher percentage of lamina
cribrosa-structural alteration or disinsertion in
POAG eyes with disc hemorrhage than those
without [27, 28]. These laminar changes have
been correlated spatially with the location of DH,
suggesting microvascular damage may result
from a structural lamina change near its insertion
[29]. The vascular theory arises from the associa-
tion of disc hemorrhage with systemic vascular
disorders or dysfunctional vascular autoregula-
tion around the optic nerve head [30]. Vascular
risk factors for disc hemorrhage have previously
been identified; one randomized, double-masked,
multicenter clinical trial examining low-tension
glaucoma patients found that migraine, baseline
narrower neuroretinal rim width, low-systolic
blood pressure, mean arterial ocular perfusion
pressure, and use of systemic beta blockers were
significant risk factors for disc hemorrhage [31].

Disc hemorrhages are more commonly
seen in patients with glaucoma than in those
with OHTN and are more frequent in so-called
normal-tension glaucoma compared to high-ten-
sion glaucoma [32]. In cross-sectional studies,
the prevalence of DH varies, ranging from 0%
to 0.4% in normal eyes, 0.4—10% in OHTN eyes,
4.2-17.6% in eyes with high-tension glaucoma,
and 20.5-33.3% in eyes with normal-tension
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glaucoma [33-36]. In the 13-year follow-up of
patients in the Ocular Hypertension Treatment
Study (OHTS), DH was found to be an inde-
pendent predictive factor for development of
POAG in patients with OHTN. The cumulative
incidence of POAG in eyes with DH was 25.6%
compared to 12.9% in eyes without DH, and
the presence of DH during follow-up increased
the risk of developing POAG 2.6-fold [33]. The
OHTS trial also showed the cumulative inci-
dence of optic disc hemorrhage was 0.5% per
year prior to the development of glaucoma and
2.5% per year after development of glaucoma
[37]. Interestingly, the majority of eyes (78%)
with DH did not progress to glaucoma over a
median follow-up of 49 months after DH.

Multiple studies of eyes with DH have shown
significantly faster rate of visual field (VF)
progression [38—40]. Both the Collaborative
Normal-Tension Glaucoma Study and the Early
Manifest Glaucoma Trial (EMGT) demonstrated
that glaucomatous eyes with DH had significantly
more visual field progression than eyes without
DH [41, 42]. One study showed the overall rate
of visual field index (VFI) change in eyes with
hemorrhages was significantly faster than in eyes
without hemorrhages (—0.88%/year vs. —0.38%/
year) [40]. In addition to deterioration of the
overall VF, DH can lead to spatially consistent
and localized VF loss. Interestingly, this local-
ized VF loss can be observed in regions prior
to the development of a DH and can continue to
progress in the same regions at a faster rate after
DH occurrence [39]. This finding suggests that
rapid, localized disease progression may predis-
pose to formation of DH and progressive VF loss
continues secondary to ongoing damage at or
near this location.

The role of IOP-lowering therapy in the set-
ting of DH without additional evidence of glau-
comatous progression remains controversial.
The Early Manifest Glaucoma Trial reported
that after a median follow-up of 8 years, patients
with newly diagnosed glaucoma started on IOP-
lowering therapy did not have a significant dif-
ference in the presence or frequency of DH
compared to patients who were observed with
no therapy [42]. Using event-based analysis for

visual field progression, the authors found DH
were associated with time to progression, but
there was no interaction between treatment group
and DH. In contrast, a study using trend-based
analysis reported the difference in rates of visual
field loss pre- and post-disc hemorrhage was sig-
nificantly related to the reduction of IOP in the
post-hemorrhage period compared with the pre-
hemorrhage period. Each 1 mmHg of IOP reduc-
tion was associated with a difference of 0.31%/
year in the rate of VFI change [40].

DH have also been associated with structural
progression in glaucoma. Localized thinning of
the RNFL has been reported after DH detection in
patients with glaucoma [43—-45]. One study found
that after mean 38 months of follow-up, 72.7% of
eyes in the DH group showed OCT-determined
progression on a clock-hour basis compared with
27.3% of the fellow eyes in the non-DH group
[43]. Focal rim notching may precede the occur-
rence of a disc hemorrhage at or adjacent to the
notch [46].

A clinical examination of the disc at every
visit should include a documentation of disc
hemorrhage, especially since DH may not be
visualized by other optic nerve imaging modali-
ties. The presence of DH should be documented
with fundus photographs to monitor for resolu-
tion, although the vast majority of DH may take
4 weeks or more to resolve [34]. The presence of
a DH on examination should spur the clinician
to be more vigilant for signs of glaucomatous
progression, with careful consideration of more
frequent monitoring and possible institution or
escalation of medical therapy.

Cup-to-Disc Enlargement and Disc
Asymmetry

Enlargement of the vertical cup-to-disc ratio
(VCDR) is a well-documented indicator of the
glaucomatous optic nerve (Fig. 5.5). One study
reported that the prevalence of disc-defined
glaucoma in one or both eyes was 1.6% among
patients with VCDR <0.60 compared to a preva-
lence of 31.4% in patients with VCDR >0.6 [47].
Besides examining the optic nerve for changes in
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Fig. 5.5 Fundus photographs of the right (a) and left (b) eyes of a patient demonstrating asymmetry of the cup-to-disc ratio

the VCDR, it is important to compare the VCDR
in the fellow eye for signs of asymmetry as a sig-
nificant amount of VCDR is suggestive of glau-
coma (Fig. 5.5) [48]. Some amount of VCDR
asymmetry can be found in normal patients,
especially older patients. In a study looking at
US adults from the National Health and Nutrition
Examination Survey (NHANES), VCDR asym-
metry >0.20 occurred in approximately 2% of
adults without glaucoma [49]. The same study
reported the odds of VCDR asymmetry >0.20
were 1.44 times higher per 10-year increase in
age. Each 0.10 increase in VCDR asymmetry was
associated with a 2.57 times higher adjusted odds
of disc plus field defined glaucoma. The positive
predictive value (PPV) for disc plus field defined
that glaucoma for VCDR asymmetry >0.20 was
7.0%, and when VCDR asymmetry cutoff was
increased to >0.30, the PPV increases to 37.7%.
Based on this study, VCDR asymmetry may be
physiologic in many patients, and given the low
PPV even at high degrees of asymmetry, it may

be a poor measure for diagnosing glaucoma in
isolation. Nonetheless, a VCDR >0.3 may be suf-
ficient to initiate a further diagnostic workup and
to identify individuals who may be at high risk
for glaucoma. The size of the optic nerve should
always be considered when evaluating the VCDR
since larger optic nerves have a larger VCDR.

Retinal Blood Vessel Changes

Characteristics changes to the central or para-
central retinal blood vessels around the nerve
can also be observed in the glaucomatous optic
nerve [50-52]. Displacement of the central reti-
nal vessels has been termed “nasalization of the
blood vessels”’; however, the change to the blood
vessels may better be described as a centrifugal
displacement of the vessels away from the center
of the optic disc occurring over time (Fig. 5.6)
[52]. Retinal blood vessel (RBV) shifts have been
associated with functionally progressive glau-
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Fig. 5.6 Fundus photograph demonstrating nasalization
of the central retinal vessels and inferior baring of a cir-
cumlinear vessel (white arrow)

coma. One study examined serial photographs of
the nerve using an automated alternation flicker
technique to identify discrete positional shifts in
the RBV. They found that RBV shifts were noted
in 33 of 125 (26.4%) longitudinally followed
glaucomatous eyes, and RBV shifts were present
in 12.1% of minimal progressors versus 31.5%
of moderate and fast progressors. The rate of
VF progression was statistically associated with
RBYV shift [53]. Other changes such as “bayonet-
ing” of vessels or “baring” of the circumlinear
vessels has also been described in glaucoma-
tous eyes. “Bayoneting” of vessels refers to the
sharp bend or kink of blood vessels as they cross
the edge of the optic cup, most easily seen with
larger blood vessels. Circumlinear vessels are
blood vessels (arteries or veins) that follow the
physiologic disc margin either above or below
the central vessel trunk. “Baring” of these ves-
sels refers to their displacement posteriorly to the

bottom or the side wall of the optic cup and is
thought to occur as a result of enlargement of the
cup [54]. While “baring” of circumlinear vessels
may be frequently present in glaucomatous eyes,
it can be seen in other causes of optic atrophy
and should not be considered as a specific sign or
predictor of glaucomatous damage [51, 54].

Future Directions: Optic Disc
Evaluation and Deep Learning

One emerging area in ophthalmic diagnostic
imaging is the use of artificial intelligence (AI)
models that utilize automated computer pro-
grams equipped with deep learning algorithms.
Deep learning (DL) is a category of artificial
intelligence referring to the use of automated
systems to independently improve upon tasks,
such as decision-making or feature recognition,
without specific expert knowledge guiding its
actions [55]. These algorithms can use a wide
variety of input data, categorize the data, and
create an output leading to a classification deci-
sion (i.e., disease or no disease, progression or
no progression). In practice, the algorithms can
be “supervised” or “unsupervised.” “Supervised”
algorithms are automated programs that depend
upon a clinical reference standard or “ground
truth” data set defined by a human. For example,
an algorithm may use computer vision interpreta-
tion of labelled images to learn features from a
reference data set and then apply its knowledge to
a separate test data set for validation. In contrast,
“unsupervised” DL may take raw input data,
without any human expert standard, and catego-
rize the information into classifications that may
or may not coincide with human standards.

DL algorithms have already been used to
identify diabetic retinopathy and macular edema
with excellent sensitivity and specificity [56, 57].
DL systems with varying algorithms have been
used to detect glaucomatous optic neuropathy
based on color fundus photographs [58-60].
The algorithms may be based on segmentation
methods or non-segmentation methods. Initial
studies using automated systems utilized feature
extraction (a segmentation method) in which the
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system would analyze fundus images and extract
topographic features of the optic disc, such as
CDR, neural rim width, presence of PPA, and
RNFL defects. Using feature extraction, one
study examined 2252 fundus photos and found
an area under receiver (AUC) operating charac-
teristic curve of 0.792 with a sensitivity of 71.6%
and specificity of 71.7% for detecting glaucoma
[59]. Using segmentation methods such as fea-
ture extraction may introduce segmentation and
misalignment error into the system that could
potentially lead to misclassification. Combining
feature extraction with deep convolutional net-
works derived from large-scale data sets may
improve glaucoma detection. One study by Li
et al. using this combination of holistic and local
feature method found an AUC of 0.838, similar
to that of manual detection of glaucoma [60]. In
another study by Li et al., instead of using feature
extraction technology, the DL algorithm used
a non-segmentation method looking at global
labeled images from 48,116 fundus photos to
learn predictive features [58]. In this study, the
DL algorithm identified referable glaucomatous
optic neuropathy with a sensitivity of 95.6%
and specificity of 92.0%. Physiologic cupping
and pathologic/high myopia were the most com-
mon cause of false positives. The most common
causes of false-negative results were coexisting
eye conditions, specifically pathologic/high myo-
pia, diabetic retinopathy, and age-related macular
degeneration.

Two recent studies by Thompson and
Medeiros out of Duke University have trained
DL algorithms to evaluate fundus photographs to
provide objective and quantitative data regarding
glaucomatous neural loss. One inherent limita-
tion of a machine’s learning ability is the train-
ing process by which it learns how to correctly
classify or make predictions. Instead of using a
subjectively graded fundus photos by humans as
reference standard to teach the machine, these
studies use objective data, such as that obtained
from SD-OCT, to train a DL network. The first
study used a DL algorithm to predict SD-OCT
RNFL thickness from assessment of optic disc
photographs [61]. The authors examined 32,820
pairs of optic disc photographs and SD-OCT

RNFL scans from 1198 patients. The DL algo-
rithm prediction of average RNFL thickness from
all 6292 optic disc photographs in the test set
was 83.3 £ 14.5 mm, whereas the mean average
RNFL thickness from all corresponding SD-OCT
scans was 82.5 + 16.8 mm (P = 0.164). There
was a strong correlation between predicted and
observed RNFL thickness with mean absolute
error of the predictions of 7.39 mm. The AUC
curves for discriminating glaucomatous from
healthy eyes with the DL predictions and actual
SD-OCT average RNFL thickness measure-
ments were 0.944 (95% confidence interval [CI],
0.912-0.966) and 0.940 (95% CI, 0.902-0.966),
respectively. The second study used a similar DL
algorithm to predict the relativity to the Bruch’s
membrane opening minimum rim width (BMO-
MRW) and compare the results to actual SD-OCT
measurements [62]. Overall, 9282 pairs of optic
disc photographs and SD-OCT optic nerve head
scans were used. The algorithm predictions of
global BMO-MRW from all optic disc photo-
graphs in the test set were highly correlated with
the observed values from SD-OCT, with mean
absolute error of the predictions of 27.8 mm.
The AUC for discriminating glaucomatous eyes
from healthy eyes with the DL predictions and
actual SD-OCT global BMO-MRW measure-
ments were 0.945 (95% confidence interval [CI]:
0.874-0.980) and 0.933 (95% CI: 0.856-0.975).
Using the BMO-MRW to distinguish glaucoma
eyes from normal eyes may be helpful in cases
of high myopia, in which subjective graders tend
to underdiagnose glaucoma. There are several
advantages of using this type of DL algorithm.
One advantage is that it does not depend upon
subjective human grading of fundus photographs
to determine glaucomatous damage. Optic disc
grading by expert humans has varying degrees
of reliability and is inherently subjective [5, 63].
Using a machine, such as SD-OCT, which has
been shown to provide objective and reproduc-
ible data of the optic nerve in glaucoma, elimi-
nates this issue of subjectivity and avoids the
time-consuming nature of grading fundus photos.
Another advantage of the DL algorithm is its abil-
ity to detect longitudinal changes over time. Prior
studies using DL algorithms have used a binary
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output (yes-no) to classify fundus photographs as
glaucomatous or normal. By incorporating con-
tinuous data such as RNFL thickness or BMO-
MRW in the algorithm, future DL programs
could potentially be used to monitor glaucoma or
identify progression.

While the use of DL in glaucoma is still in its
nascent stages, the promise of more efficient and
more objective methods to identify glaucomatous
disease or predict damage is fascinating. Using
automated methods to detect glaucoma would
have tremendous value to screening programs in
remote locations or in populations with a short-
age of trained professionals. Future studies using
large-scale data sets will help to clarify which
type of deep learning algorithms are most accu-
rate and reliable.
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Ultrasound in the Management

of Glaucoma

Jiun L. Do, Youmin He, Yuegiao Qu, Qifa Zhou,

and Zhongping Chen

Summary

Echography remains an important diagnostic tool
for glaucoma despite the development of optics-
based imaging modalities such as anterior seg-
ment optical coherence tomography (AS-OCT).
Conventional ultrasound with a 10 MHz B-scan
probe allows for reliable visualization of the pos-
terior segment of the eye. With high-frequency
35-100 MHz B-scan probes, ultrasound biomi-
croscopy (UBM) expands the clinical versatility
of ultrasound, providing higher-resolution
images of the anterior segment but with reduced
depth of tissue penetration from shorter wave-
length sound waves [1]. While AS-OCT is able to
acquire images of higher spatial resolution than
UBM with less dependence on operator experi-
ence, ultrasound continues to be relevant in the
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clinical management of glaucoma as sound waves
are unaffected by media opacities that would oth-
erwise preclude optical evaluation techniques
and also allows for the visualization of anatomi-
cal structures posterior to the iris, including the
ciliary body. This chapter will cover the clinical
applications of ultrasound in evaluating various
types of glaucoma and the complications follow-
ing glaucoma surgeries. It will also provide infor-
mation on recent research using ultrasound to
assess the biomechanical properties of ocular
structures related to glaucoma.

Ultrasound Instrumentation

Ultrasound information may be acquired by a
one-dimensional echograph (A-scan) or as a two-
dimensional acoustic section (B-scan, UBM). An
A-scan can be used to ascertain the axial length
of the eye. In cases of ocular lesions, an A-scan
can provide quantitative echography including
information on reflectivity, internal structure, and
sound attenuation, which correlate with the histo-
pathology of certain lesions.

Acquisition of B-scans should include axial,
transverse, and longitudinal scans to be a com-
plete examination. One of the initial indications
for the use of ultrasound in glaucoma was to
assess the optic cup size in eyes with opaque
media [2]. Direct visualization of the optic nerve
is the gold standard in the evaluation of the glau-
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Fig. 6.1 Axial B-scan image of an eye with severe glau-
coma showing advanced cupping of the optic nerve head
(ONH). Peripheral choroidal effusions are also present
secondary to low intraocular pressures following glau-
coma surgery

coma and is necessary to detect physiological
findings such as disc hemorrhages, parapapillary
atrophy, cupping, and bayonetting. However, in
cases of media opacities that obscure the ability
to visualize the optic disc, ultrasound is reliably
able to detect large cups. Shallow or saucer-
shaped cups are less reliably able to be catego-
rized (Fig. 6.1) [2].

With immersion B-scan, evaluation of the
anterior segment is also possible but does not
provide the resolution of UBM. UBM scans at
the corneal limbus provide high-resolution
images of the anterior segment and of structures
posterior to the iris. Combining these various
ultrasound modalities in the clinical setting assist
in the evaluation and management of various
forms of glaucoma.

Childhood Glaucoma

The diagnosis of childhood glaucoma relies on
the findings of elevated intraocular pressure
(I0OP), reproducible visual field defects, increased
eye size, changes in the cornea or corneal diam-
eter, and/or glaucomatous optic nerve findings
[3]. Axial length as determined by ultrasound
biometry directly correlates with the diagnostic
criterion of eye size. Additionally, the positive
correlation between the axial length and IOP can

be indicative of the adequacy of glaucoma treat-
ments as long-standing IOP elevations can lead
to elongation of the eye beyond normal growth
[4]. In myopic eyes, the differentiation between
normal growth and glaucomatous changes can be
difficult; however, enlargement of the eye sec-
ondary to congenital glaucoma is associated with
increasing anterior chamber depth and decreas-
ing lens thickness [5].

Pigment Dispersion Glaucoma

Contact between zonular fibers and the posterior
iris pigment epithelium releases pigment gran-
ules that may lead to the development of pigment
dispersion glaucoma. Posterior bowing of the iris
(“reverse pupillary block™) results in greater con-
tact between the iris and zonular fibers [6].
Imaging of the iris with UBM is able to provide
information regarding the concave iris configura-
tion and demonstrate reduced apposition follow-
ing treatment with a laser peripheral iridotomy.

Angle-Closure Glaucoma

Angle-closure glaucoma can present clinically
with elevated IOP, pain, redness, blurry vision,
and a mid-dilated pupil. Gonioscopy is essential
in the diagnosis of angle closure. However, cor-
neal edema may preclude visualization of the iri-
docorneal angle during an acute angle closure
episode. Ultrasound can be helpful to document
appositional angle closure and to identify the
causes of secondary angle-closure glaucoma
(discussed below). UBM is particularly useful in
the diagnosis of pupillary block and demonstrat-
ing the convex iris configuration secondary to
pressure differentials between the anterior and
posterior chambers [7].

Dark room provocative testing may also be
combined with UBM to demonstrate spontane-
ous occlusion of the angle under decreased illu-
mination [8]. Determining an occludable angle
can be difficult since it is dependent on operator
experience as inadvertent indentation with the
UBM may artificially widen the angle.
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Fig. 6.2 Ultrasound biomicroscopy image of the irido-
corneal angle in a patient with plateau iris syndrome dem-
onstrating an anteriorly positioned ciliary process behind
the peripheral iris. The cornea (C), iris (I), and ciliary
body (CB) are marked

Plateau Iris Syndrome

Anteriorly positioned ciliary processes in plateau
iris syndrome result in an atypical iris configura-
tion, where anterior rotation of the peripheral iris
leads to acute or chronic primary angle closure.
This anatomical variation also prevents iridotomy
from improving the angle configuration. UBM
can confirm a plateau iris configuration by dem-
onstrating the presence of a “double-hump” sign
and anteriorly positioned ciliary processes
(Fig. 6.2) [9].

Lens-Induced Angle Closure

Abnormalities of the lens may cause secondary
glaucoma and limit thorough evaluation due to
media opacities or corneal edema. Ultrasound
overcomes the limitations of poor visualization
to exclude other causes of glaucoma and prop-
erly address the wunderlying pathology.
Phacolytic glaucoma resulting from a hyperma-
ture cataract can result in elevated IOP and
inflammation. In cases where anterior chamber
opacification occurs, ultrasound can demon-
strate the characteristic findings of a morgag-
nian cataract: liquefied cortical material, an
inferiorly displaced nucleus and thinner than
normal lens. A large, cataractous lens may also
cause angle closure in which ultrasound can
detect lens thickening, a shallow anterior cham-
ber, and indications of pupillary block.
Ultrasound in acute angle closure secondary to

lens dislocation would demonstrate anterior
lens displacement and, as important, rule out
posterior segment abnormalities.

Intraocular Tumors

Ocular tumors may cause glaucoma by different
mechanisms depending on the location in the
anterior or posterior segment. Anterior segment
tumors such as iris nevi, melanocytomas, benign
adenomas, uveal melanomas, and metastases
may directly invade the anterior chamber angle to
affect outflow pathways or secondarily cause
angle closure. Posterior segment tumors such as
large choroidal melanomas and metastatic tumors
in the choroid can displace the lens anteriorly to
cause angle narrowing. Ultrasound can aid in dif-
ferentiating between cystic and solid lesions in
addition to permitting visualization of lesions
behind the iris.

Intraocular Hemorrhages

Intraocular hemorrhages not only obscure visual-
ization but may also cause glaucoma. In the set-
ting of an anterior chamber hyphema, vitreous
hemorrhage, subvitreal hemorrhage, or subretinal
and subchoroidal hemorrhage, degenerated red
blood cells or macrophages that have phagocy-
tized hemoglobin may obstruct the trabecular
meshwork to elevate IOP or posterior chamber
forces may cause forward displacement of the
vitreous and lens-iris diaphragm to shallow the
anterior chamber and impede outflow. Ultrasound
can be useful to visualize the anterior and poste-
rior chamber and demonstrate diffuse vitreous
opacities, dense subvitreal hemorrhage, or solid
subretinal clots.

Choroidal Effusions

Choroidal effusions can occur from spontaneous
uveal effusion syndrome, hypotony, reactions to
systemic medications such as topiramate, a thick-
ened sclera that obstructs outflow in
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Fig. 6.3 Transverse B-scan image demonstrating large
peripheral choroidal effusions in an eye with an overfilter-
ing tube shunt device and low intraocular pressure in the
postoperative period following glaucoma surgery. The
choroidal effusions (CE) and sclera (S) are marked

nanophthalmos, or elevated episcleral venous
pressure secondary to arteriovenous malforma-
tions or thyroid orbitopathy [10]. Choroidal effu-
sions can cause forward rotation of the lens-iris
diaphragm, resulting in increased myopia, ante-
rior chamber shallowing, and secondary angle
closure [11]. Ultrasound of the posterior chamber
can show peripheral ciliochoroidal detachments
(Fig. 6.3). In subtle cases, UBM may be more
sensitive than conventional ultrasound in detect-
ing shallow anterior effusions.

Inflammatory Diseases

Intraocular inflammation has the potential to
cause glaucoma through various mechanisms
depending on the anterior or posterior location of
the uveitis. Anterior uveitis can cause elevated
IOP by disrupting outflow pathways on the cel-
lular level as inflammatory cells obstruct the tra-
becular meshwork and on the anatomical level
from posterior synechiae at the pupillary margin
or peripheral anterior synechiae between the iris
and the cornea. UBM can demonstrate iris bombe
or synechial angle closure when visualization is
poor during acute inflammatory episodes. In
uveitis-glaucoma-hyphema (UGH) syndrome, a
malpositioned intraocular lens (IOL) mechani-
cally chafes the iris, releasing pigment into the

anterior chamber and causing elevated IOP. UBM
can aid in the diagnosis of UGH syndrome by
identifying haptics of a single-piece IOL posi-
tioned in the sulcus or anterior vaulting of the
IOL despite placement within the capsular bag
[12]. Posterior uveitis may compromise the
blood-retina barrier and result in choroidal effu-
sion or thickening, as in Vogt-Koyanagi-Harada
syndrome or sympathetic ophthalmia. The conse-
quent anterior rotation of the lens-iris diaphragm
narrows the anterior chamber and may lead to
secondary angle-closure glaucoma. Ultrasound
can demonstrate choroidal thickening and effu-
sions, aiding in diagnosis and management.

Glaucoma Surgery Complications

The IOP fluctuation, low pressure, and anatomi-
cal changes associated with glaucoma surgery
present a unique set of postoperative issues.
Ultrasound may be useful for the evaluation and
management of these complications.

Significant reductions in IOP and hypotony
are risk factors for suprachoroidal hemorrhages
and ciliochoroidal effusions. Malignant glau-
coma is thought to occur due to the posterior mis-
direction of aqueous into the vitreous cavity.
These entities may present with a shallow ante-
rior chamber and high-or-normal intraocular
pressure. While clinical history and examination
findings can be helpful in differentiating these
diagnoses, ultrasound is necessary to definitively
show the serous component of choroidal effu-
sions, low-to-medium reflectivity from blood or
cellular debris following a choroidal hemorrhage,
or the absence of choroidal and ciliary pathology
in malignant glaucoma.

In cases of choroidal effusions or suprachoroi-
dal hemorrhages that are managed conserva-
tively, ultrasound may be used to monitor for
resolution. If surgical intervention is being con-
sidered for a suprachoroidal hemorrhage, ultra-
sound can identify the blood clot undergoing
lysis and aid in determining the surgical
window.

A cyclodialysis cleft, in which the ciliary body
separates from the scleral spur, may be a
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Fig. 6.4 Ultrasound biomicroscopy image of the irido-
corneal angle demonstrating a small cyclodialysis cleft
and fluid in the supraciliary space following trauma
(yellow arrowhead). The cornea (C) and iris (I) are marked

complication following glaucoma surgery or
occur after trauma. Increased uveoscleral outflow
through the cleft can result in low IOP and hypot-
ony. Repair is indicated when the cleft fails to
spontaneously close and compromised vision
persists. A cleft may be difficult to locate by
gonioscopy secondary to size or anatomical
changes. UBM can be more sensitive in locating
a cleft and guiding surgical repair approaches
(Fig. 6.4) [13].

Ultrasound is especially important in the man-
agement of endophthalmitis, which occurs at a
higher incidence in patients who have undergone
trabeculectomy surgery. Blebitis presents with
inflammation of the filtering bleb and mild exten-
sion into the anterior chamber while endophthal-
mitis includes extension of the infection and
inflammation into the posterior segment. Blebitis
may be managed conservatively. In contrast,
endophthalmitis requires earlier and aggressive
intervention to preserve vision [14, 15].
Determining posterior segment involvement in
the inflamed eye may be challenging. Ultrasound
assists in determining this critical element and
facilitating timely delivery of treatment.

Future Direction: Ultrasound
and Optical Methods in Glaucoma

Research shows glaucomatous vision loss is due
to damage to the retinal ganglion cell axons
within the lamina cribrosa (LC) of the optic nerve
head (ONH). Recent studies further support the

explanation by revealing significant microarchi-
tecture changes within the LC at the early onset
of experimental glaucoma [16]. Since the vision
loss is irreversible in most instances, early detec-
tion is crucial for disease management. Recent
studies [16-22] have suggested tissue biome-
chanics may determine the ONH resistance to
intraocular pressure (IOP), an important risk fac-
tor for glaucomatous optic neuropathy. Moreover,
several ex vivo animal studies have revealed the
mechanical properties of the ONH tissue are vari-
able across different stages of glaucoma [23, 24]
and across other risk factors such as age [25-27]
and race [28]. Biomechanical characteristics of
ONH tissues may determine their robustness
against the IOP-induced force and deformation
and, particularly, the glaucomatous-related defor-
mation on the LC as well as the peripapillary
sclera (ppSC) surrounding it [17, 18, 20, 29-31].
While ex vivo studies allow for immediate access
to the optic nerve head tissues, the tissue extrac-
tion and manipulation procedures both compro-
mise the measurement accuracy. It is also
clinically infeasible to investigate ocular tissue
using ex vivo methods.

Over the past several years, advances in ultra-
sound elastography has enabled mapping of the
mechanical properties of soft tissues in vivo,
where elasticity is generated by analyzing the
elastic behavior of tissue detected by ultrasound.
Ultrasound static and shear wave elastography
were successfully utilized to evaluate the elastic-
ity of ocular tissue and differentiate glaucoma-
tous eyes from healthy ones using several metrics
[32-34]. However, the spatial resolution of ultra-
sound detection, which typically ranges in hun-
dreds of microns, is insufficient to differentiate
the LC from other ONH tissues. Since optical
coherence tomography (OCT) has the capability
to visualize ocular tissue with micrometer resolu-
tion, it could be a better candidate than ultra-
sound to detect the early indicator of glaucoma
[21, 35-37]. Additionally, phase resolved
Doppler optical coherence tomography (PRD-
OCT), the functional extension of OCT, provides
ultrasensitive displacement detection and allows
for elasticity imaging under a minute excitation
force [38-45]. In fact, PRD-OCT enabled
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elastography technique and optical coherence
elastography (OCE) have facilitated various stud-
ies in ophthalmic applications, especially in the
mechanical imaging of the anterior segment [38,
40, 46-50]. However, none of these techniques
demonstrated substantial capability to assess the
posterior eye segment in vivo. Y. Qu and Y. He
et al. recently developed a confocal acoustic radi-
ation force optical coherence elastography (ARF-
OCE) technique to noninvasively probe the
mechanical contrast of the posterior eye in vivo
and provide a potential tool to study the elasticity
of in vivo ONH complex [51, 52].

Static Ultrasound Elastography

The theory of static elastography (SE) relies on
the fact that a compressional force deforms soft
tissues to a greater extent than stiff ones. In ultra-
sound SE, either free hand pressure or a mechani-
cal actuator is utilized as the source of excitation,
while 2D or 3D tissue displacement is detected
by ultrasonic imaging and used as a qualitative
indicator of stiffness [53-55]. In prior studies,
ultrasound SE demonstrates whole eye imaging,
which allows for simultaneous analysis of several
tissue components under the influence of differ-
ent diseases [33, 34, 56, 57]. K. Agladioglu et al.
performed free hand ultrasonic elastography on
patients with and without primary open angle
glaucoma (POAG) in vivo [33]. They compared
the stiffness difference in the ocular structures
between healthy and glaucomatous patients and
concluded that there was a significant difference
in the vitreous elasticity, with the strain ratio of
the anterior and the posterior vitreous being
higher for the glaucoma group.

Shear Wave Ultrasound Elastography

Dynamic elastography using the shear wave
propagation velocity has also been integrated into
commercially available ultrasound systems.
Ultrasound shear wave elastography (SWE) uses
a focused acoustic radiation force beam to deliver
shear wave on the tissue, allowing for direct sub-

micron perturbation on a small region of interest
(ROJ) [32]. The ROI is carefully chosen to avoid
invoking interactions between different biologi-
cal components. Eventually, the Young’s modu-
lus or quantitative elasticity/stiffness can be
mapped out using the shear wave equation that
defines a linear relationship between Young’s
modulus and the square of shear wave speed [58].
Ultrasound SWE has been used by A. S. Dikici
et al. to study the biomechanical properties of
glaucomatous ONH and surrounding tissues
in vivo [32]. Twenty-one consecutive primary
open angle glaucoma patients and 21 healthy vol-
unteers participated in the clinical study, which
found the mean Young’s modulus values of both
the optic nerve and peripapillary sclera in glauco-
matous eyes are significantly higher, indicating
increased stiffness when compared to healthy
patients [32].

Confocal Acoustic Radiation Force
Optical Coherence Elastography

The confocal acoustic radiation force optical
coherence elastography (ARF-OCE) technique
excites and detects the elastic behavior of tissue
using ultrasound and phase resolved Doppler
optical coherence tomography (PRD-OCT),
respectively [51, 52]. To be specific, the optical
detection beam sits in parallel with the ultrasound
excitation, through the aperture of a ring-shaped
transducer on the same side, to ensure easy access
to the posterior eye, maximum detection sensitiv-
ity based on the PRD-OCT theory. This technol-
ogy allows for the quantitative assessment of
tissue biomechanics through both shear wave and
compressional wave analyses. Compressional
wave ARF-OCE allows for real-time qualitative
elasticity imaging but requires phantom calibra-
tion for quantitative results. Figure 6.5 shows the
elastography generated by inducing, detecting,
and analyzing the compressional wave propagat-
ing in an in vivo rabbit retina. An 8-week light
treatment was performed to induce damage within
the posterior eye segment, and elastography
images were taken before and after at the same
central retina region. Histological analyses in
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Fig. 6.5 Results obtained from in vivo rabbit retina
before and after blue light treatment. (a, b) OCT and
elastography of healthy retina. (¢, d) OCT and elastogra-
phy of retina after treatment. (e) H&E stain histology of
light-treated retina, tissue damage, and lymphocyte infil-

Fig. 6.5e, f validate the treatment outcome by
showing the abnormal region with inflammation
in the red box. The region of inflammation might
have invoked lymphocytic infiltration, which cor-
responds to less OCT scattering and lower stiff-
ness compared to the surrounding choroidal tissue
[59-62]. Figure 6.5¢ shows the corresponding
OCT image, where the orange arrow points to the
low signal site, which is suspected to be the
inflammatory region. Mechanical contrast of the
imaging area is shown by Figs. 6.5b, d and 6.6.
The confocal ARF-OCE system is also
capable of quantitative elastography imaging
by measuring the shear wave propagation [51,

tration were discovered and matched to the low signal
region pointed out by the orange arrow in (¢). (f) Zoomed
in view of histological analysis result in Fig. 6.5e
(Copyright © 2018: The Authors [52])

52]. Although shear wave analysis needs more
computations than compressional wave, it does
not rely on phantom calibrations and may pro-
vide more precise elasticity measurements than
the shear wave elastography (SWE). Several
phantom studies have verified the feasibility of
SWE using ARF and OCT [40, 44]. Although
ex vivo mapping of the posterior ocular elastic-
ity was reported, the technique places the ARF
excitation on the opposite side of the OCT
detection, which limits its application to
ex vivo only since ARF cannot penetrate
through the thickness of the skull and tissues
behind the eye globe [63].
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Fig. 6.6 Results of in vivo rabbit retina using shear wave ARF-OCE. (a) OCT cross-section. (b) Shear velocity map.
(¢) Elastography showing Young’s modulus mapping. (d) H&E stain histology. (Copyright © 2019: IEEE [51])

Summary and Future Directions

Biomechanical characteristics of ocular tissues,
especially the lamina cribrosa and peripapillary
sclera within the optic nerve head (ONH) com-
plex, have been hypothesized to be the earliest
indicators for the development of glaucoma.
From ultrasound elastography to acoustic radia-
tion force optical coherence elastography (ARF-
OCE), ultrasound has proven to be a powerful
tool in the diagnosis of posterior ocular diseases.
Recently, the confocal ARF-OCE technique has
proven its potential in visualizing the mechanical
contrast of the posterior eye. Although limita-
tions still exist, these studies open up the possi-
bility of studying the biomechanics of glaucoma

in vivo. In further studies, it is crucial to increase
the accuracy of these techniques, possibly by
adopting a numerical model of the ONH, which
has been well studied in the past decade [64—67],
to solve for the spatial elasticity with the inverse
elastography technique [68, 69]. Therefore,
future study should focus on the simulation and
validation of the confocal ARF-OCE technique
with varies computational methods.
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Imaging Aqueous Outflow

Ralitsa T. Loewen, Susannah Waxman,
Hirut Kollech, Jonathan Vande Geest,

and Nils A. Loewen

Introduction

The flow of aqueous humor is difficult to
study due to its low rate of production, about
2.5 £ 1.0 pL (mean = SD) per minute [1] and its
slow rate of drainage. The minuscule size of the
outflow pathways and vessels and the variable
characteristics of their contents (aqueous, blood,
or lymphatic) present an additional challenge.
The cause of increased intraocular pressure (IOP)
in primary open angle glaucoma (POAG) was
long thought to be secondary to increased out-
flow resistance of the trabecular meshwork (TM),
which limits aqueous outflow from the eye [2,
3]. However, research [4-8] and data from clini-
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cal TM ablation in thousands of patients [9—12]
show it fails to lower IOP to the pressure level
in the recipient episcleral veins, strongly sug-
gesting that over half of resistance resides in the
distal outflow tract, downstream of the TM and
Schlemm’s canal (SC). An additional deep abla-
tion of valve-like structures at collector channel
orifices located in the outer SC wall fails to lower
IOP further [13—15]. The loci and substrates of
distal outflow resistance are unknown, but criti-
cal to identify. To overcome these barriers and
permit effective clinical IOP reduction, research
has been directed at identifying the mechanism
and anatomic locus of post-TM outflow resis-
tance and test two hypotheses: (1) distal outflow
resistance resides in the collector channels (CC),
intrascleral plexus (ISP), or aqueous veins (AV);
(2) this resistance can be overcome by treatment
with vasodilatory and vasculogenic agents.

In this chapter, we will focus on the conven-
tional outflow system but also mention tech-
niques used to visualize uveoscleral, including
uveolymphatic, outflow. A brief, non-exhaustive
review of experiments and discoveries in chrono-
logical order is helpful to understand the research
efforts started almost 200 years ago.

History of Qualitative Outflow Imaging

Known for his pathology studies on cadavers,
when German anatomist Friedrich Schlemm
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(1795-1858) first described a unique vessel
encircling the cornea—now known as Schlemm’s
canal—in 1830 [16], interest in the role of aque-
ous outflow in glaucoma and the vessels asso-
ciated with aqueous outflow rapidly increased.
Schlemm described a “thin walled canal, which I
discovered in 1827, in the eye of a man who had
hung himself, so that it was filled with blood and
in which one could easily insert a small bristle
after cut down through the cornea and sclera.”
This sounds similar to the techniques of induc-
ing episcleral venous blood reflux to identify
Schlemm’s canal and ab externo cut down to
identify and probe Schlemm’s canal, respectively.

Adjacent “suction vessels” radiating from
the limbus were identified via injection of glu-
tin glue mixed with lead oxide into the perilim-
bal tissue by the Polish anatomist Ludwik Karol
Teichmann-Stawiarski in 1861 [17] (Fig. 7.1).
Two German ophthalmologists, Gustav Schwalbe
in 1870 [18] and Theodor Leber in 1873 [19],
performed the first canalograms by intracamer-
ally injecting dyes with different particle sizes
to investigate Schlemm’s canal. Schwalbe origi-
nally interpreted the canal as a lymphatic vessel
but later debated its venous features, a remark-
able insight given the mixed origin of Schlemm’s
canal has only recently been confirmed [20-22].
Schwalbe was convinced a direct communication
of clefts existed between the anterior chamber and
Schlemm’s canal. French ophthalmologist André

Fig. 7.1 Early depiction by Ludwik Karol Teichmann-
Stawiarski of perilimbal drainage from 1861 as a “suction
vessel system” [17]

Rochon-Duvigneaud (1892) disagreed [23] call-
ing it an osmotic process. Leber [24] described
Schlemm’s canal as covered by a non-perforated,
uninterrupted cell layer before German ophthal-
mologist Gustav Gutmann characterized it in
1895 as an open communication dependent on
the particle size of the ink injected [25]. In the
same year, Bentzen and Leber compared outflow
of different dyes in normal and glaucomatous
enucleated eyes and concluded: “in all cases of
glaucoma examined, in simple glaucoma (acute
or chronic), in angle closure and secondary glau-
coma, there was a considerable reduction in fil-
tration from the anterior chamber compared to
the normal eye” [26].

After further studies, in 1903, Leber hypoth-
esized there were connecting vessels between
Schlemm’s canal and the episcleral veins [27].
In 1921, Erich Seidel, a German ophthalmologist
who described fluorescein dilution as an aqueous
humor leak test (Seidel’s test) (Seidel 1921), did
extensive ex vivo and in vivo dye canalogram
studies to highlight these outflow vessels and cre-
ated a model of pigment-induced glaucoma in a
rabbit [28]. In 1922, he determined the pressure
gradient across the TM and the episcleral venous
pressure [29]. By now, many substances and
methods of injection had been tried. Ada Stiibel,
a German veterinarian and an ophthalmologist,
mused in 1922 about the flurry of techniques
used to trace outflow [30]: “One would inject
colored water, milk, or mercury directly into the
larger vessels or one would target them indirectly
by tissue injection mostly with viscous glue mix-
tures (Teichmann) or oil-based paints (Gerota), in
addition to some water-based dyes (Mascagni).”
She took advantage of her knowledge of both
human and animal models and applied hydrogen
peroxide to tissue surfaces or injected traces of it
into specimens. This induced fine bubbles (“due
to catalase”) in lymphatic channels that could be
seen under the microscope. In both human and
porcine eyes, she observed a network of fine
channels with biochemical characteristics of
lymphatic vessels located superficially anterior
to Schlemm’s canal.

American ophthalmologist Georgiana Dvorak-
Theobald, MD, reconstructed anastomoses
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Fig. 7.2 Three-dimensional projection by Georgiana
Dvorak-Theobald of paraffin sections from 1934 show the
human nasal outflow tract anatomy with S, Schlemm’s
canal (green), episcleral veins (blue), arteries (red), and
nerves (yellow). Images can be merged for a 3D impres-
sion by crossing the eyes. C, conjunctiva; I, iris; CB, cili-

and anatomic relations of Schlemm’s canal
and episcleral vessels in sophisticated three-
dimensional, magnified wax projections in 1934
[31] (Fig. 7.2). In the same year, the British eye
doctor, Basil Graves, provided detailed draw-
ings of the perilimbal flow and described empty
appearing vessels, later to be defined as aqueous
vessels [32] (Fig. 7.3). The renowned American
ocular pathologist Jonas S. Friedenwald, MD,
assembled serial microscopy sections in com-
pound drawings in 1936 [33]. British ophthal-
mologist of Austrian birth, Arnold Loewenstein,
MD, described in 1940 vessels appearing to be
empty as if filled with water and seemed to be
connected to episcleral veins [34]. These ves-
sels were examined more extensively by Czech-
born American ophthalmologist Karl Wolfgang
Ascher, MD, in 1942 [35]. Ascher manipulated
these “aqueous veins” pharmacologically and
physically by compressing confluent recipient
vessel with a glass rod, a test considered negative
when venous blood displaced the aqueous in a
connected vessel upon compression of a common

ary body [31]. (This figure is taken from an article,
“Schlemm’s Canal: Its Anastomoses and Anatomic
Relations” in the Trans Am Ophthalmol Soc 1934;
32:574-595 and republished with permission of the
American Ophthalmological Society)

recipient vessel [35, 36]. This finding indicated
impaired trabecular facility and reduced ability
to displace blood in the connected venous arm
of a given perilimbal vessels. Aqueous vessels
were soon confirmed in 1947 by Dutch Steven
De Vries [37] with further research by Swiss
ophthalmologist Hans Goldmann [38] in 1948.
Goldmann’s research was instrumental in the
understanding of aqueous veins. In 1941, he
determined the volume of the anterior chamber,
then 4 years later detected the aqueous veins and
proved they contained aqueous in 1949. One year
later, he measured aqueous production by fluo-
rescein dilution curves and subsequently coined
the formula determining outflow facility. In a
series of neoprene cast studies of Schlemm’s
canal and aqueous veins, Norman Ashton, CBE,
FRS, DSc, the first ophthalmic pathologist in the
United Kingdom, reconstructed the outflow tract
in 3D as plasticine and wire models, showing
aqueous veins emerge directly from Schlemm’s
canal while others are connected to the superficial
and deep scleral plexuses or their communicating
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Rs

Fig. 7.3 Perilimbal flow in the human eye with flow directions by Basil Graves (1934) [32]. In later observations,

empty appearing vessels were defined as aqueous vessels

branches [39] (Fig. 7.4). Loewenstein character-
ized the human outflow system in more detail in
1951 and provided their clinical context in enu-
cleated eyes [40]. In 1951, D. P. Greaves and E. S.
Perkins observed in a rabbit model that aqueous
veins constrict after electrical stimulation of the
cervical sympathetic nerves and increasing the
intraocular pressure displaces more aqueous
into the aqueous veins [41]. Other investigators
reported outer wall changes of Schlemm’s canal,
obstruction of collector channel openings, and

diminished or collapsing collector channels and
intrascleral veins as pathologic changes in glau-
coma [42-44].

According to Bruce E. Cohan [45], Italian
Croci (1932) and Russian Baltin (1945 [46])
attempted to wuse intracameral injection of
thorotrast, a suspension containing particles of
radioactive and radiodense thorium dioxide with
a particle size of 7-10 microns, to trace aqueous
flow along what is now known as the conventional
outflow system. While they failed, they detected
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neoprene cast of Schlemm’s canal

MODEL OF NEOPRENE CAST OF
SCHLEMMS CANAL TO DEMONSTRATE
THE ORIGIM OF AN AQUEDUS VEIN

high power view of neoprene cast

Fig. 7.4 Historic neoprene casts at different magnifications (a, b). Drawing (¢) and plasticine and wire model of cast

(d) [39]

the marker in the suprachoroidal space and iris
stroma—now recognized to be part of the uveo-
scleral outflow route—and often phagocytosed
by histiocytes. In contrast, in 1955, Belgium
J. Francois et al. [47] using monkey and human
eyes, deployed thorium dioxide with a particle
size of 0.1 micron or, alternatively, ethyl stearate
with particles varying from one to four microns.
They demonstrated a direct communication
between the anterior chamber and Schlemm’s
canal through pores that limited uptake to a size
below 2.4 micron. Cohan recognized the need
for live imaging of outflow and echoed Stiibel by
reiterating the importance of avoiding artifacts
caused by unbalanced nonphysiological solu-
tions, by solvents containing particles, or by the
high injection pressure needed for viscous fillers
such as neoprene [45, 48]. In 1968, J. W. Rohen
and F. J. Rentsch explored different outflow tract
cast materials and created detailed corrosion casts
of human Schlemm’s canal [49], a technique

later repeated by John C. Morrison, MD, in great
detail with scanning electron microscopy and
methylmethacrylate in the rat [50]. Traditional
histology obtained by light microscopy helped
distinguish normal [51-53] from glaucomatous
eyes [54-56]. Electron microscopy and molecu-
lar studies [57-59] identified various additional
changes, mostly in the TM. Cheryl R. Hann, MS,
observed a reduced number of collector chan-
nels in glaucomatous eyes [56]. More recently,
various investigators have imaged the outflow
structures at a higher resolution and greater depth
with computer-supported 3D reconstruction as
detailed in section “Depth-Resolved Imaging”.

Depth-Resolved Imaging

As clinical evidence for post-trabecular outflow
resistance became better established [60, 61], greater
interest fell on post-trabecular outflow elements.
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In searching for possible sites of outflow resistance
downstream of the TM, the ability to distinguish
distal and proximal features of the outflow tract
becomes increasingly important. Advances in imag-
ing allowed for optical sectioning and accurate 3D
reconstruction of tissue. While computationally
intensive, this is far less intensive and error-prone
than manual sectioning and reconstruction.

It was not until 2010 that spectral domain
optical coherence tomography was used to
visualize conventional outflow structures
ex vivo and in vivo by Larry Kagemann, PhD,
et al. [62], a method subsequently improved
[62-66] (Fig. 7.5). In 2011, Cheryl R. Hann
et al. deployed 3D micro-computed tomogra-
phy, a method with a theoretical resolution of
one micron or lower and was used here at two
microns and five microns voxel resolution [67]
(Fig. 7.6). In 2014, Howard Hughes Medical
Institute  research  scientist ~Krishnakumar
Kizhatil, PhD, et al. used confocal microscopy
to characterize development of Schlemm’s canal
from blood vessels in the mouse limbus [20], and
in 2017, Jose M. Gonzalez Jr., et al. utilized two-
photon microscopy in live mice to characterize
contractile features of the outflow tract [68].

Fig. 7.6 3D micro-CT of fixed tissue can be used for
examination of the trabecular meshwork, Schlemm’s
canal (SC), collector channels (CC), and episcleral vessel
of the distal outflow pathway. Sagittal view (a); subtrac-

In subsequent studies, the complete porcine
outflow tract was imaged in 3D via optical clear-
ing and ribbon-scanning confocal microscopy
with a resolution limit of 365 nm [69]. Acquiring
these data sets took 1-2 days and was compu-
tationally intensive, with a computation time of

Fig. 7.5 Frontal view of 3D visualization of aqueous
humor outflow structures in humans by spectral domain
optical coherence tomography. S, superior (12:00), N,
nasal (9:00), I, inferior (6:00), T, temporal (3:00).
(Courtesy of Dr. Kagemann) [63]

Superior

tive view of empty appearing SC, CC, and episcleral ves-
sel (b); frontal view of assembled anterior segment (c).
Black arrows = collector channels. (Courtesy of Dr.
Fautsch) [67]
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Fig. 7.7 Ribbon-scanning confocal microscopy reconstruc-
tion of the complete porcine (a, left) [69] and human (b,
right) outflow tract. Bottom panels show angle view of each

several hours (Fig. 7.7a). Recently, outflow tracts of
multiple human eyes have been similarly cleared,
imaged, and reconstructed, revealing a variety of
collector channel morphologies (Fig. 7.7b).

1400 pm

quadrant with distinct collector channel region (parallel to
middle white line) communicating between the TM (bottom
white line) and scleral vascular plexus (top white line)

Time-resolved SD-OCT reconstructions dem-
onstrated the ability of outflow tracts in ex vivo
porcine eyes to dilate in response to the hypo-
tensive nitric oxide and constrict responding to
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the hypertensive endothelin-1. Imaging data were
supplemented with functional studies in which
the TM was circumferentially removed and IOP
responses of constant-rate perfusion cultures to
nitric oxide were evaluated, correlating outflow
tract vasodilation and increased outflow facility
[70] (Fig. 7.8). University of Gottingen researcher

Hanna M. Gottschalk et al. used lipid emulsions
as a contrast agent in OCT angiography (OCTA)
of ex vivo porcine eyes, allowing time-resolved
aqueous angiography [71]. The safety and effi-
cacy of lipid emulsion use in patients have not yet
been evaluated, although promising in conjunc-
tion with intraoperative OCT.
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Fig. 7.8 (a) Quantification and of cross-sectional area
pre- and posttreatment. Aligned and merged surface
reconstructions taken with pretreatment pseudo-colored
in red and posttreatment in cyan as viewed anteriorly ((A),
A) and posteriorly ((A), B). DETA-NO-treated vessels
show greater coverage with cyan, indicating a larger post-
treatment than pretreatment intraluminal space (dilation).

CSA of virtual sections, made along the plane indicated
by the black lines and in the direction of the black arrows,
was calculated in silico. CSA was plotted throughout the
length each sample ((A), C). (b) NO-induced focal dila-
tion of outflow tract vessels. Outflow tract vessels pre-
(C2, red) and posttreatment (D2, cyan) with DETA-NO
vasodilator [70]
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Outflow Computation
and Simulation Using Depth
Resolved Scan Data

Merely observing the perilimbal anatomy in glau-
comatous eyes is not sufficient to understand the
cause and location of post-trabecular outflow resis-
tance. To show causality, it is necessary to demon-
strate that a narrowed, closed, or otherwise altered
vessel is capable of impacting the intraocular pres-
sure. In theory, the change of a vessel’s diameter
has a powerful impact on outflow resistance that
follows a fourth power rather than squared rela-
tion. For example, in theory, 6% vasodilation could
cause a 20% reduction in IOP, while 9% dilation
causes a 30% reduction in IOP, etc. However, there
are paramount challenges: aqueous is a non-New-
tonian fluid with a variable content of particles of
mostly red blood cells. Flow is influenced by the

Fig. 7.9 Computational fluid dynamics (CFD) simula-
tion of the flow within a small subsection of the anterior
outflow pathway of a porcine eye acquired by ribbon

viscosity of the vessel content and, due to the addi-
tional content of blood cells, potentially impacted
by the hematocrit and the viscoelastic properties
of individual red blood cells as is the case in other
capillary networks. The geometry of microvessels
also affects blood flow behavior in microcirculation
[72]. However, an absent or patent outflow channel
lumen are two extreme endpoints of a spectrum.

A 3D volume subset of the ribbon scanning
confocal image data set was used to generate a
mesh for the computational fluid dynamics (CFD)
analysis. Figure 7.9 shows the smoothed surface
mesh of this subsection. In the computational
fluid simulation (Abaqus/CFD 2016, SIMULIA,
Providence, RI), the aqueous flow was assumed
as steady, incompressible, and Newtonian fluid
[73] with a pressure of 15 mmHg at the inlet (top
of Fig. 7.9a) and 8 mmHg at the outlet (bottom
of Fig. 7.9a).

V, magnitude (mm/s)
1.25
1.04
0.83
0.62
0.41
0.20
0.00

scanning confocal microscopy. (a) Surface mesh after
smoothing the geometry. (b) Final mesh for CFD simula-
tion. (c—e) Velocity results from the CFD analysis
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The computed velocity was 0.65 + 0.32 mm/s
with a range of 0-1.25 mm/s (panels c, d, and
e of Fig. 7.9), which matches the flow speed in
canalograms [7, 74].

Quantitative Outflow Imaging

Although outflow of aqueous humor can be esti-
mated with fluorophotometry [75] and tonography
[76], no method existed until recently to quantify
segmental outflow at a given specific location in
the outflow system. Cohan debated the lack of
such outflow quantification already in 1958 and
hoped to refine his radiopaque canalogram tech-
nique for this purpose [48]. The lack of an auto-
mated, standardized method to quantify aqueous
humor outflow at a specific anatomic location

full thickness scleral trepanation

Fig.7.10 Fluorescein outflow studies after full thickness
trepanation (Elliot, (a)), full-thickness trepanation with
iris incarceration (iridencleisis, (b)), and trabeculectomy
((c) and (d)). Percolation directly through the conjunctiva
of the bleb (A), small lymphatic vessels ((a) and (c)),

remained an obstacle to studying downstream
outflow resistance elements [60] implicated in
late failure of canal-based microincisional glau-
coma surgeries [77]. It would also facilitate study
of the outflow-enhancing effects of early cell [78]
and gene therapy [79, 80] treatment strategies.

In 2014, current Johns Hopkins ophthal-
mology resident Bo Wang, MD, et al. used the
Doppler effect of gold nanorods to estimate
flow by optical coherence tomography [81] but
later abandoned it because of poor spatial reso-
lution and toxicity [82]. Qualitative fluorescein
outflow studies in 1921 by E. Seidel [83] and
G. Spital [84] led O. Benedikt in 1976 [85] to
use the same dye to compute total outflow. He
examined newly formed and preexisting ves-
sels with appearance of lymphatic, venous,
and primarily aqueous origin (Fig. 7.10). In

iris incarceration (iridencleisis)

r

trabeculectomy #2

large lymphatic vessels with valves (b), and mostly aque-
ous venous (d) can be seen to drain aqueous. Seventeen
out of 33 eyes had drainage vessels displaying lymphatic
characteristics. (Courtesy of Dr. Benedikt) [85]
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Fig.7.11 Fluorescein canalograms (left, green) before (top) and after (bottom) outflow enhancement. Focal flow rates
and intensity changes can be computed (middle) as well as perilimbal circumferential flow rates (right) [7]

2016, a “canalogram” method for regionally
specific outflow measurement was developed
(Fig. 7.11). Time-lapse fluorescence images
were processed with open-source statistical
software to evaluate circumferential as well as
regional outflow [74]. Outflow patterns were
found to change over time with the fastest
flow nasally, which is the site of most surgical
interventions. Perfusion of 0.5 pm fluorescent
spheres allowed better definition of outflow
structures for longer periods of time but neces-
sitated removal of trabecular meshwork for
proper microsphere passage [7]. These meth-
ods were adapted to reveal changes in outflow
patterns following ab interno trabeculectomy
in porcine eyes [6] and to evaluate trainee
learning curves in a training model for glau-
coma microsurgery [4]. Huang et al. utilized
both fluorescein and indocyanine green (ICG)
to detail dynamic flow in primate [86] and
human eyes [87]. Similar to ex vivo porcine
eyes, human angiographic signal was highest
nasally.

Outlook

Technical options for outflow imaging exist on
a spectrum of resolution and fidelity. With cur-
rent methods, as resolution increases, the ability
to measure function simultaneously is generally
decreased. Fluorescein and ICG canalograms can
measure regionally discrete outflow in real-time
and can be conducted multiple times in each eye.
However, leakage of tracer quickly limits defini-
tion of outflow tracts. Microbead canalograms
greatly enhance the definition of vessels, allowing
higher fidelity outflow quantification over time, but
require bypass of the TM. Aggregating particulate
load eventually alters physiology, rendering this
a terminal experimental technique with currently
available particles. Developing an agent that can
pass the cornea noninvasively and at high enough
of a concentration to be seen in the outflow system
would facilitate clinical research into diagnostics
that could be applied to identify patients suitable
for microincisional glaucoma surgery focused on
bypassing or removing the TM.
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SD-OCT provides depth-resolved structural
imaging without the need for non-physiologic
contrast agents. Signal drop off in high-scattering
scleral tissue often prevents full-thickness imag-
ing with the desired definition. Additionally,
SD-OCT alone cannot measure outflow func-
tion and must be supplemented with other
imaging techniques. Anterior segment OCTA
currently requires perfusion of lipid emulsions
with an unknown effect on TM physiology. The
highest-resolution imaging techniques, such as
ribbon-scanning confocal microscopy and TEM,
require fixation and optical clearing or sectioning
of tissue so are unsuitable for same-sample time-
series outflow function experiments.

Outflow imaging has slowly advanced over the
last two centuries and remains crucial to under-
standing the outflow tract in health and disease
in order to evolve new therapeutic strategies.
Advancing these techniques and technologies will
help ophthalmologists to better understand the dis-
ease process in glaucoma and the role of the distal
outflow tract in current and future treatments.
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Introduction

Glaucoma is an ocular disease causing irrevers-
ible visual function loss. It is estimated more than
60 million people worldwide have glaucoma and
its incidence is anticipated to increase to 76 mil-
lion by 2020 and more than 111 million by 2040
[1]. Glaucoma causes damage to the optic nerve
head (ONH) and is accompanied by loss of reti-
nal ganglion cells (RGCs) and reduction in the
visual field (VF) [2]. Although increased intra-
ocular pressure (IOP) is considered a major risk
factor for the development of glaucoma, there is
supportive evidence for a role of ocular microcir-
culation in glaucoma pathophysiology [3—6]. It is
thought that increased IOP may cause deformation
of the lamina cribrosa (LC) within the ONH, thus
blocking axonal transport and altering blood flow,
which can impair cellular metabolic function and
eventually lead to cell death. Currently, it is not
known whether blood flow alteration and dysregu-
lation are the primary cause or consequence of VF
loss due to glaucoma. Clinically, imaging technol-
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ogies have played an important role in visualizing
abnormalities in the ONH structure and retinal
cell layers due to glaucoma. The advent of novel
optical imaging technologies with higher depth
resolution, tissue penetration, and image acqui-
sition rate has allowed quantitative evaluation of
retinal anatomy and hemodynamics at cellular and
capillary levels. Furthermore, the availability of
multimodal imaging techniques for assessment of
retinal metabolic function offer a new approach for
advancing knowledge of glaucoma pathophysiol-
ogy. Finally, application of image-based machine
learning methods enables and improves screen-
ing, early detection, and progression monitoring
of glaucomatous damage. In this chapter, imaging
techniques and their application for quantitative
assessment of retinal and ONH anatomy, blood
flow, vascular oxygen content, oxygen metabolic
rate, and use with artificial intelligence approaches
are described.

Optical Coherence Tomography

Optical coherence tomography (OCT) is an
imaging technique based on interferometry,
where a broadband infrared light source is split
into two arms: a reference and a sample. The
interference between the reference beam and
backscattered light from the retina generates
an image of anatomical structures across the
retinal depth. Application of OCT has revolu-
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tionized clinical retinal imaging and allowed
imaging and thickness measurement of cell
layers, approaching in vivo optical biopsy of
tissue [7-10]. In 1991, time-domain OCT imag-
ing was first demonstrated, and in 1993, OCT
images of the human optic disc and macula were
generated [11-13]. Shortly thereafter, spectral
domain OCT (SD-OCT) was introduced, which
is based on the same principle as time-domain
OCT, but the interferometry is performed in the
Fourier-domain with the use of a high-speed
spectrometer. With greater imaging speed and
depth resolution offered by SD-OCT, real-time
visualization and more accurate quantitative
thickness measurement of individual retinal lay-
ers has been realized [14].

Imaging of Retinal Layer Thickness

SD-OCT imaging is extensively used for quanti-
tative assessment of circumpapillary retinal nerve
fiber layer (RNFL) and macular ganglion cell
layer complex (GCC) thickness at stages of glau-
coma [15, 16]. Moreover, recent studies evaluated
the diagnostic power of retinal layer thickness for
detection of glaucoma [17-21]. Specifically, the
Advanced Imaging of Glaucoma Study showed
diagnosis of glaucoma is improved by combin-
ing measurements of peripapillary RNFL and
GCC thickness [22]. Furthermore, research
shows changes in peripapillary RNFL and GCC
depend on the stage of glaucoma. In fact, the
most diagnosed parameters in early and severe
glaucoma were shown to be RNFL and GCC
thickness, respectively [23, 24]. Assessment of
progressive longitudinal changes in retinal layer
thickness offers another approach for glaucoma
diagnosis as compared to classification of eyes
based on normative databases [25]. Indeed, the
Advanced Imaging for Glaucoma Study showed
reductions in peripapillary RNFL and GCC
thickness can predict the development of glauco-
matous visual field (VF) loss in glaucoma sus-
pects and pre-perimetric glaucoma patients [26].
Furthermore, changes in RNFL and GCC thick-
ness were detected over time in normal tension
glaucoma (NTG) [27]. Also, a temporal relation-

ship between peripapillary RNFL and macular
GCC thickness was reported, showing changes in
the RGC layer thickness is detectable prior to a
corresponding RNFL thickness change in early
glaucoma [28].

Imaging of the Optic Nerve Head

Visualization of changes in the ONH is con-
sidered a hallmark in the clinical diagnosis of
glaucoma. SD-OCT imaging has been used for
assessment of ONH parameters based on visu-
alization and quantitative measurement of the
Bruch’s membrane opening (BMO). Some stud-
ies have demonstrated improved evaluation of
the optic disc margin and size by visualization of
BMO [29, 30]. Recent assessment of neuroreti-
nal rim tissue based on the BMO minimum rim
width and area was reported. Figure 8.1 shows an
example OCT B-scan through the ONH and the
methodology for measurement of neuroretinal
rim tissue by delineating BMO and inner limiting
membrane [31]. By imaging the BMO, assess-
ment of the neuroretinal rim and identification of
biomarkers for early detection of glaucoma has
been enhanced [29, 32-34]. Moreover, measure-
ments of neuroretinal rim parameters derived
from SD-OCT images were shown to be repro-
ducible and better correlated with both RNFL
thickness and VF loss than rim measurements
within the BMO plane or the clinical disc margin
[31, 35]. Other studies indicated adjustments for
age and axial length are needed to ensure opti-
mal glaucoma diagnosis based on BMO-based
parameters [36-38]. The lamina cribrosa (LC)
is a multilayered structure at the posterior of the
ONH and thought to be the site of axonal injury
in glaucoma. With recent advances in OCT imag-
ing, it is possible to visualize the LC in human
eyes. Specifically, SD-OCT images of the ONH
have demonstrated LC deformation in glaucoma
and LC tilt was shown to correlate with myopia
and glaucoma [39, 40]. Furthermore, 3D maps of
LC strain in response to acute elevation of IOP
have indicated LC deformations may serve as
biomarkers for predicting glaucomatous ONH
damage [41].



8 Future Novel Imaging Methods

101

Fig.8.1 An OCT B-scan image through the ONH and the
methodology for measurement of neuroretinal rim tissue
by delineating BMO and inner limiting membrane (ILM).
Yellow arrows and red circles indicate the BMO and were
used to define a red line on the B-scan, along which the

Enhanced Depth Imaging

In OCT imaging systems, the scattering of near-
infrared light from the photoreceptors reduces
the signal from deeper structures, namely,

intersections with ILM are shown in green circles. The
BMO horizontal rim area (purple) was calculated as sur-
face area between BMO and ILM. (Reprinted with per-
mission from Gardiner et al., Ref. [31])

the choroid. In 2008, a new technique called
enhanced depth imaging (EDI) was introduced
to overcome this limitation and provide images
of the choroid using a conventional SD-OCT sys-
tem [42]. EDI has become a mode of SD-OCT
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Fig.8.2 OCTA images displaying retinal microvasculature in the ONH (A—C) and macula regions (D-F) with various
regions of interest used for post-processing (red)

allowing improved visualization of the deeper
structures of the retina and ONH based on an
inverted image with the light source focused on
the choroid. The use of EDI has determined a
reduction in choroidal thickness due to glaucoma
and changes with respect to intraocular pressure
(IOP) and visual sensitivity [43-46]. In addi-
tion, EDI has been applied to demonstrate asso-
ciations between cup depth, LC, and prelaminar
neural tissue thickness [47]. In fact, a longitudi-
nal study using EDI showed a deeper and thinner
LC, and focal LC defects were related to the rate
of RNFL thinning [48].

Imaging of the Vasculature

OCT angiography (OCTA) is a noninvasive
imaging technique for assessment of capil-
lary perfusion and microvascular density in the
peripapillary and macular regions. It detects
variations in the intensity or phase of the optical
signal due to the motion of red blood cells within

the vasculature from repeated scans acquired
at high rates in the same retinal location.
Figure 8.2 shows OCTA images of the retinal
microvasculature in the macula and ONH [49].
The clinical application of OCTA for detection
of perfusion abnormalities due to glaucoma has
been described [15, 50-55]. Specifically, OCTA
has been applied to visualize changes in peri-
papillary and macular perfusion in glaucoma,
as well as age-related changes in vessel den-
sity [49, 56, 57]. Furthermore, an association
between peripapillary and macular vessel den-
sity has been established in glaucoma suspects
and subjects [58]. Other studies have reported
alterations in the density of peripapillary cap-
illaries in glaucoma suspects and at stages of
glaucoma [59-67]. Moreover, longitudinal stud-
ies demonstrated the rate of change in the capil-
lary density over time was higher in glaucoma
as compared to glaucoma suspects [68]. The
relationship between vessel density and VF loss
due to glaucoma has been reported, and reduced
peripapillary vessel density was shown to cor-
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respond with VF loss and LC defects [69-72].
Interestingly, peripapillary and macular vas-
cular densities were shown to be decreased in
the unaffected hemifields of glaucomatous eyes
with one affected hemifield [73].

Imaging of Blood Flow

Since impairments of ocular blood flow and
its regulation have been proposed to have a role
in glaucoma [74], imaging methods have been
developed and applied for assessment of blood
flow in glaucoma [51, 75, 76]. Laser Doppler
flowmetry is a method that measures the Doppler
shift of light scattered by the moving red blood
cells based on the Fourier analysis of beating
frequencies [77]. Using this method, abnormal
autoregulation of ONH blood flow was reported
in primary open angle glaucoma (POAG) [78].
Moreover, retinal capillary blood flow was shown
to be increased with antioxidant supplementa-
tion, further supporting a role of microcircula-
tion in glaucoma [79]. In contrast, retrobulbar
blood velocity measured by color Doppler imag-
ing was shown to be useful for discriminat-
ing pre-perimetric from healthy subjects and
for monitoring glaucoma progression [80-83].
Additionally, blood velocity was shown to cor-
relate with structural changes in the ONH and
macular thickness over time in OAG. A longitu-
dinal study demonstrated an association of oph-
thalmic artery blood flow velocity with structural
and functional glaucoma progression [84].

The Doppler technique has also been incor-
porated into OCT imaging systems to measure
retinal blood flow using various approaches
[85-90]. To minimize the error associated with
angle determination in Doppler OCT systems,
dual-angle Doppler OCT and dual-beam OCT
systems were developed [90-95]. Application of
Doppler OCT has shown reduced retinal blood
flow was associated with thinner RNFL and
GCC [96]. This study also reported retinal blood
flow was reduced in hemifields with VF loss, as
well as in the perimetrically normal hemisphere
of glaucomatous eyes. Recently, an en face
Doppler approach for high-speed OCT systems

that eliminated the need for angle calculation
was introduced to measure the high axial blood
velocity in the central retinal vasculature [97—
99]. This method was also applied to measure
blood flow in retinal vessel branches with lower
speed conventional OCT systems by employ-
ing tilted or multiple en face planes [100, 101].
Studies have shown retinal blood flow measured
by Doppler OCT is reduced in glaucoma sub-
jects [101, 102].

Laser speckle flowgraphy (LSFG) is a method
to measure relative blood flow based on inter-
ference or speckle patterns generated from the
scattering of coherent light by the movement of
blood. LSFG was first demonstrated in 1981 and
later developed for assessment of ONH blood
flow [103, 104]. With this technique, blood flow
is reported in arbitrary units of blur, and software
algorithms were developed to analyze the mean
blur pulse waveform and derive other indices
[105, 106]. Mean blur rate (MBR) measured by
LSFG was shown to be related to mitochondria
dysfunction in subjects with severe OAG and
associated with impaired vasoreactive response
to hyperoxia in POAG [107, 108]. Furthermore,
abnormalities in ONH blood flow are thought
to be involved in the pathogenesis of NTG [3].
The findings of a close relationship between
MBR, RNFL thickness, visual sensitivity, and
systemic markers of oxidative stress suggest
that oxidative stress is associated with decreased
blood flow in NTG [109]. Moreover, a corre-
lation between MBR and GCC thickness was
reported in eyes with untreated NTG and hemi-
field defect, suggesting that a reduction in ONH
microcirculation may be an early indicator for
the presence and progression of glaucoma [110].
In addition, MBR and LSFG measurements of
waveform changes in ONH blood flow were
shown to differentiate NTG and healthy subjects
and identify early glaucoma [111-113]. MBR
was also shown to be a significant contributor to
a right-left difference in VF defect in NTG and
predictive of VF loss progression [114, 115].
Furthermore, MBR was shown to be an indepen-
dent factor affecting reduction in circumpapil-
lary RNFL thickness and VF in pre-perimetric
glaucoma [116].
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Optical Coherence Tomography
with Swept Laser Source

Swept source OCT (SS-OCT) is a Fourier-
domain imaging modality, similar to SD-OCT,
but instead uses a tunable laser light source
with a longer central wavelength compared to
SD-OCT. Consequently, SS-OCT allows imaging
of deeper retinal and ONH structures. Figure 8.3
shows examples of B-scans through the ONH
generated with both SD-OCT and SS-OCT [117].
The higher image acquisition rate and wider-field
scanning advantages of SS-OCT for detection of
pre-perimetric and early perimetric glaucoma,
visualization of ONH structures, and evaluation
of the RNFL defects have been demonstrated
[117-120]. In addition, SS-OCT images of the
ONH have been analyzed for measurement of
BMO and LC structural parameters and for quan-
titative 3D evaluation of the LC microstructures
[81, 121-123]. SS-OCT imaging has also been
applied for improved visualization of the ante-
rior eye structures and macular capillary network
[124-127].

Optical Coherence Tomography
with Visible Laser

An emerging technology is visible light OCT
(vis-OCT), which is also based on low coher-

SD-OCT

ence interferometry in the Fourier-domain, but
uses a broadband light source spanning the vis-
ible spectrum [128-130]. In addition to providing
volumetric, high-resolution imaging of the retina,
vis-OCT also permits quantitative determination
of hemoglobin concentrations [131, 132]. The
vis-OCT technology shows promise for assess-
ment of elastic light scattering properties of
retinal cell layers, specifically the RNFL [133].
In addition, vis-OCT is capable of measuring
retinal vessel hemoglobin oxygen saturation by
oximetry [134-136]. An important feature is that
vis-OCT systems allow combined hemoglobin
oxygen saturation and blood flow measurements
to determine the rate of oxygen metabolism [137,
138]. With this new technology, cell elasticity and
oxygen metabolism measures can complement
conventional anatomical features with promise
to improve prediction of glaucoma development.

Adaptive Optics Imaging

Retinal image quality is degraded by the presence
of both low-order (e.g., defocus and astigmatism)
and high-order (e.g., spherical and coma) ocular
aberrations, limiting the ability to resolve retinal
features at a cellular level. Adaptive optics (AO)
is a technique that compensates for these aberra-
tions and may be integrated into existing retinal
imaging modalities, thereby improving lateral

SS-OCT

Fig. 8.3 OCT B-scan images through the ONH gener-
ated with both SD-OCT (a and ¢) and SS-OCT (b and d).
The BMO (red dot), posterior choroid (yellow line), bor-

der tissue from the sclera to Bruch’s membrane (black
crosshair), LC insertions (white arrow), and anterior
sclera canal opening (yellow dot) are indicated
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and axial resolution of retinal images. The gen-
eral scheme for integrating AO into retinal imag-
ing systems involves the accommodation of two
additional optical components: (1) a wavefront
sensor and (2) a deformable mirror to compen-
sate for the detected wavefront aberrations. AO
is primarily incorporated in three retinal imag-
ing systems: the scanning laser ophthalmoscope
(SLO), the flood illumination ophthalmoscope
(FIO), and OCT. Figure 8.4 illustrates improve-
ment in resolution with the use of AO incorpo-
rated in SLO, FIO, and OCT imaging systems.

Adaptive Optics in the Scanning
Laser Ophthalmoscope

Clinically, fundus examination and photogra-
phy were sufficient to qualitatively evaluate
ONH changes, cupping, and RNFL defects in
glaucoma, but quantitative evaluation was pre-
cluded [139, 140]. In the late 1980s, the confocal
SLO was introduced and used to image retinal
tissue in human eyes [141-143]. Compared to

RNFL

RGCL
INL
OPL

ONL

Fig. 8.4 The relative improvement in image resolution
with the use of AO incorporated in FIO, SLO, and OCT
imaging systems. OCT B-scan image shows stratification

fundus examination, SLO demonstrated better
depth discrimination and could quantitatively
evaluate certain retinal anatomical structures
[144—-146]. However, the SLO’s depth resolution
was limited, precluding quantified measurement
of individual retinal cell layers [147].

In 1989, AO was first used in combination
with a SLO (AOSLO) to improve both axial and
lateral resolution of retinal images [148]. This
implementation used an active 13-electrode
deformable mirror array, relay lenses, and linear
stage to correct low-order wavefront aberrations
as measured by conventional refractometry. In
1994, a Shack-Hartmann wavefront sensor was
used to objectively measure ocular aberrations in
human eyes [149]. The Shack-Hartmann sensor
is comprised of an array of lenses—Ienslets—
mated with a camera to detect high-order wave-
front aberrations. When paired with a deformable
mirror, it can be used for wavefront aberration
correction. Since then, advancements in AOSLO
have further improved resolution and enabled
real-time visualization of the retinal tissue at a
cellular level [150-159].

SLO
AOSLO
OCT
AOOCT

o
L
o
<

and thickness of individual retinal cell layers relative to
imaging resolutions
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AOSLO has been used to discern glaucoma-
tous damage in RNFL fibers since it was diffi-
cult to image by OCT [160]. Other studies using
AOSLO examined the RNFL near fixation and
the temporal raphe, establishing these regions as
early predictors for glaucomatous damage [161,
162]. AOSLO is also capable of reproducibly
assessing the LC, revealing early glaucomatous
damage in morphology and increased pore area
in both human glaucoma and nonhuman pri-
mate models of glaucoma [163-166]. In addition
to imaging the ONH, AOSLO is used to image
individual cells of interest in glaucoma, such as
RGCs [167]. Several studies have imaged pho-
toreceptors and rhodopsin in human eyes [159,
168, 169], as well as assessed cone photorecep-
tor integrity in glaucoma [170]. Interestingly, one
study reported swelling of the photoreceptors in
glaucoma using AOSLO [171].

Adaptive Optics in the Flood
lllumination Ophthalmoscope

In 1997, the first closed-loop AO system for a
fundus camera was described [172]. This system
incorporated a Shack-Hartmann sensor in com-
bination with a 37-actuator deformable mirror to
correct both low- and high-order wavefront aber-
rations and generated images of cone photore-
ceptor distribution. However, image acquisition
rate was low, precluding real-time application. In
2001, real-time AO fundus camera systems were
first introduced [150, 173]. With commercially
available AO flood illumination ophthalmoscope
(AOFIO), photoreceptor and microvascular
changes due to disease have been investigated
[174-176]. One glaucoma study demonstrated a
blue-yellow defect in retinal cone photoreceptors
using an AO fundus camera [177]. Other studies
reported dark regions in the cone photorecep-
tor mosaic corresponding to areas of decreased
visual sensitivity in glaucomatous eyes [178,
179]. AOFIO has also been used to image the
lamina cribrosa and reveal changes to pore mor-
phology [180].

Adaptive Optics in Optical Coherence
Tomography

In 2005, AO was incorporated into OCT imag-
ing systems (AOOCT), demonstrating superior
spatial resolution compared to conventional OCT
[181-185]. Today, AOOCT provides greater
knowledge of changes in retinal cell morphology
and ONH structure due to glaucoma. Figure 8.5
presents an AOOCT volume of retinal tissue with
examined en face images of retinal cell layers
[186]. Several studies have reported the use of
AOOCT to image the RNFL, permitting visual-
ization of individual fibers [160, 187, 188]. Also,
AOOCT enabled the study of LC microstructure
by generation of 3D reconstructions [189]. With
the improved spatial resolution of AOOCT, imag-
ing of the ONH and retina at the cellular level
was recently demonstrated, particularly in RGCs,
which have been difficult to image due to their
inherent transparency [190-193].

Fluorescence Imaging

In fluorescence imaging, a single photon is
absorbed by a fluorophore’s electron to transition
the molecule from its ground state to an excited
state. This energy is released nearly instantly
through the emission of a less energetic photon.
In glaucoma research, fluorescence imaging has
been used for evaluation of RGCs, including
assessment of their neural activity and evaluation
of their death. In vivo imaging of RGCs has been
achieved by several fluorescence-based labeling
techniques, including retrograde staining, trans-
genic models, and viral vectors [194]. Retrograde
labeling is currently the most established of these
techniques and has been used in conjunction with
modified epifluorescence and scanning laser oph-
thalmoscope imaging systems to visualize RGCs
in live rodents [195, 196]. In these studies, time-
lapse and longitudinal assessment of RGCs was
performed to circumvent both intra- and inter-ani-
mal variations and establish RGC quantification
as a useful metric for evaluation of experimental
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0.3 mm

AO-OCT volume image of retina

Fig. 8.5 A retinal tissue image volume generated by AOOCT, displaying en face images of individual retinal cell lay-
ers. (Reprinted with permission from Miller et al., Ref. [186])

models of disease [197]. Figure 8.6 shows fluo-
rescence images generated by retrograde labeling
to monitor RGCs in vivo over time [195]. Other
studies utilized calcium-indicator fluorescence
dyes to assess the functional activity of RGCs
[198-201]. Similarly, calcium imaging has been
performed using transgenic techniques and viral
vectors to study experimental animal models
[199, 202, 203]. Neural activity has also been
imaged using voltage-sensitive fluorescence dyes,

although this technique has not yet been demon-
strated in the retina [204-206]. Another applica-
tion of fluorescence imaging is real-time detection
of apoptosing retinal cells (DARC), which has
been specifically applied to assess RGC loss in
glaucoma [207]. This technique relies on intravit-
real injected fluorophore conjugated to annexin 5,
which is a common protein for labelling apoptotic
cells [208, 209]. DARC has recently been used in
human eyes to demonstrate increased RGC apop-
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TRENDS in Neurosciences

Fig. 8.6 Time-lapse in vivo images of fluorescently labeled RGCs following retrograde staining. In vivo imaging of
RGCs and their disappearance after injury (a—e), and maximal resolution of an RGC with attached microglial cell (f).
(Reprinted with permission from Thanos et al., Ref. [195])
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tosis in glaucoma subjects compared to healthy
control subjects [210, 211].

There are also endogenous fluorophores
within the ocular tissue that exhibit fluorescence
in a process commonly referred to as autofluores-
cence. Retinal autofluorescence imaging primar-
ily targets lipofuscin (A2E fluorophore) located
in the retinal pigment epithelium (RPE). In addi-
tion to the detection of fluorescence intensity,
the exponential decay of fluorescence over time
may also be measured using a technique known
as fluorescence lifetime imaging (FLIM) [212].
Fluorescence lifetime is a signature unique to
each fluorophore and can be affected by local-
ized chemical species, providing information
on the microenvironment surrounding the fluo-
rophore [213]. A notable application of FLIM is
for the assessment of cellular energy metabolic
state by measuring changes in fluorescence life-
times of intracellular autofluorescent molecules
like nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FAD). The
use of FLIM for studying lipofuscin, FAD, and
advanced glycation end products has been dem-
onstrated in the human retina [214]. Furthermore,
FLIM has also been used to demonstrate changes
in macular fluorescence lifetime parameters due
to glaucoma [215].

Two-Photon Fluorescence Imaging

Nonlinear processes in which two or more pho-
tons simultaneously interact with matter (i.e.,
multiphoton processes) may also be utilized for
imaging. The simplest multiphoton processes
involve the interactions of two photons, such
as two-photon fluorescence (2PF) and second
harmonic generation (SHG) imaging. 2PF is
similar to conventional fluorescence, except
two photons are simultaneously absorbed by a
fluorophore’s electron, whose relaxation emits

a single photon of nearly twice the energy of
the single excitation photon. SHG occurs in
a non-centrosymmetric medium in which the
two incident photons are annihilated by scat-
tering to produce a third distinct photon at
exactly twice the energy of the single excita-
tion photon. Common to both 2PF and SHG
techniques are photons of lower energy—or
equivalently, light at a longer wavelength—
are used to generate an optical signal with a
higher energy or shorter wavelength of light.
For example, near-infrared light is commonly
used to elicit 2PF in the visible spectrum, with
the benefit of providing deeper penetration into
biological tissues and the ability to probe tis-
sues in which transmission of short wavelength
light is precluded. Since both 2PF and SHG are
nonlinear optical processes, they require suf-
ficiently high input light intensities and thus
rely on excitation light commonly provided by
a mode-locked, short-pulse laser source paired
to a high numerical aperture lens. Notably, 2PF
and SHG imaging intrinsically demonstrate
high spatial and depth resolution since these
nonlinear processes only occur within a por-
tion of the focal imaging volume.

To date, 2PF imaging has only been dem-
onstrated in animal models of glaucoma or
explanted human tissues due to technical limita-
tions and safety concerns. In animal models, 2PF
and SHG have been used to assess the trabecular
meshwork (TM) and the aqueous outflow sys-
tem in enucleated eyes [216-218]. As shown in
Fig. 8.7, 2PF imaging displayed heterogeneous
global strain and changes in astrocyte orientation
at the ONH within hours of sustained elevated
IOP in mice [219]. Recently, 2PF was coupled
with FLIM to demonstrate imaging of RPE in
mice [220]. Evaluation of the anterior segment
by 2PF and SHG imaging has also been per-
formed in human corneal buttons [221]. Other
studies imaged endogenous fluorescence mol-
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Fig. 8.7 Images of astrocytes at the ONH acquired by 2PF imaging (A and C under low magnification, B and D under
high magnification) show changes in their shape and process orientation with elevated IOP (E and F at 10 mmHg,
G and H at 30 mmHg)

ecules in corneoscleral rims to study the TM
extracellular matrix and constituent components
[222-224]. A related study utilized 2PF to iden-
tify several markers of glaucoma pathogenesis in
the TM by imaging extracellular matrix interac-
tions [225]. Imaging of human TM cell cultures
allowed assessment of cellular metabolic activ-
ity through nicotinamide adenine dinucleotide
phosphate [226]. Multiphoton techniques have
also been used to demonstrate reduced RGC
density in postmortem glaucomatous retinal
samples [227].

Retinal Oximetry
Dual Wavelength Oximetry

Oximetry is a noninvasive optical imaging tech-
nique based on spectrophotometry that utilizes
the difference in absorption spectra between oxy-
genated and deoxygenated hemoglobin to deter-
mine the oxygen saturation of hemoglobin (SO,)
in blood [228, 229]. Introduced in the late 1990s,
dual wavelength retinal oximetry is commonly
performed today, wherein reflectance images of
the retina are acquired at two specific wavelengths
of light [230]. From these images, an optical den-

sity ratio is calculated in retinal vessels and con-
verted to SO, through empirical calibration [229,
231-233]. Notably, retinal images acquired for
oximetry can also be analyzed to determine reti-
nal vessel caliber and provide further information
on vascular hemodynamics [234, 235].

The use of oximetry for the assessment of
retinal arterial and venous SO, (SO,, and SO,y)
has been of interest in glaucoma research [209].
Figure 8.8 shows examples of retinal vascu-
lar SO, maps generated in healthy (left) and
glaucoma (right) subjects [236]. Current stud-
ies found increases in SO,y and accompanying
decreases in the arterial-venous SO, difference
(SO,,y) in glaucoma [236-239]. The increase in
SO,y correlated with VF loss, suggesting a rela-
tionship between glaucomatous damage, vision
loss, and retinal oxygen extraction impairment
[238]. Other studies commented on the relation-
ship between glaucomatous structural damage
and oximetry. Specifically, an inverse relation-
ship between SO,y and RNFL thickness was
demonstrated [237], whereas no such correlation
was confirmed in another study [240]. A reduc-
tion in retinal vessel caliber has been reported in
glaucoma, sometimes in correlation with RNFL
thickness, although some studies were not able
to confirm this finding [239, 241-246].
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Fig. 8.8 Retinal vascular SO, maps shown in pseudocolor as generated by oximetry in a healthy (left) and glaucoma
(right) subject. (Reprinted with permission from Olafsdottir et al., Ref. [236])

Oximetry has also been performed dur-
ing light flicker stimulation, which serves as a
physiological challenge to the retina. The abil-
ity of the retina to respond to this challenge can
be used as a marker for neurovascular coupling.
During light flicker stimulation, in response to
increased metabolic demand, vasodilation and
increased SO,y have been established in healthy
subjects [234, 235, 247-250]. However, the
vascular response to light flicker stimulation
has been shown to be impaired in glaucoma
[251, 252]. Also, light flicker-induced changes
in SO,y and SO,y were shown to decrease in
POAG [239]. In one study, light flicker-induced
changes in SO,y were not correlated with RNFL
thickness, suggesting changes in the oxygen
metabolic function precede structural changes
in glaucoma [253].

Hyperspectral Oximetry

Hyperspectral oximetry is a technique in which
reflectance images at several wavelengths are
acquired quasi-simultaneously and analyzed
to determine SO,. In 2007, one of the earlier
approaches employed white light to illuminate
the retina and used multiple lenses paired with
separate filters to isolate wavelengths of inter-
est [254]. This technique generated images
at 14 wavelengths but was time intensive and
required an expensive large-format imaging
camera. Another technique incorporated a lig-

uid crystal tunable filter into a commercial slit
lamp biomicroscope to generate retinal images
at 50 wavelengths [255]. However, this technique
required up to 15 min for image acquisition
and produced SO,y values lower than expected.
Also in 2007, a computer tomographic imaging
spectrometer was introduced that was capable
of rapid hyperspectral imaging using multiplex-
ing, but was limited to small-field imaging [256].
More recently, a hyperspectral technique utiliz-
ing a tunable filter to generate retinal images
at 27 wavelengths per second was developed
[257]. Similar to dual wavelength oximetry,
studies using hyperspectral oximetry also found
increased SO,y and decreased SO,y in glaucoma
[258, 259]. Hyperspectral oximetry was also uti-
lized to assess total hemoglobin content near the
ONH, which may serve as a marker for glaucoma
development [257, 260].

Multimodal Imaging

Despite recent advances in technology, no sin-
gle imaging modality can provide comprehen-
sive information about structural and functional
changes necessary for diagnosis and monitoring
of glaucoma. A common approach to overcome
limitations is the use of multimodal imaging,
wherein imaging technologies are combined
or used nearly simultaneous to supplement the
information provided from a single modality.
One example of multimodal imaging in experi-
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mental research is the coupling of fluorescence
and AOSLO imaging. Specifically, fluores-
cence AOSLO has been used to image the RGC
and RPE in mice and macaques [261, 262].
AOSLO has also been used in combination with
SD-OCT to generate 3D models of LC to study
pore geometry [263]. In another study, AOSLO
and 2PF were combined for imaging of photo-
receptors, RGCs, and autofluorescence from the
RPE in nonhuman primates [264]. Recently,
a study combined AO with FLIM and 2PF to
visualize RGCs and retinal capillaries in mice
[265]. These multimodal imaging techniques
may become applicable for studying human
glaucoma in the future.

Retinal oximetry has been performed in
combination with OCT imaging modalities to
provide complementary information on retinal
structure and function. Specifically, combined
assessment of retinal vascular SO, and RNFL
thickness measured by retinal tomography and
OCT has been performed in glaucoma [237,
240]. The relationship between retinal vascular
SO, and choroidal thickness has been reported
[266]. Retrospective analysis of data from

multimodal images obtained in the Leuven Eye
Study determined relationships between retinal
vascular SO,, blood flow, choroidal thickness,
and ocular pulse amplitude [267]. Multimodal
imaging has been employed to provide infor-
mation about retinal metabolic function.
Specifically, the rates of retinal oxygen deliv-
ery and metabolism have been reported in
healthy, diabetic, and sickle cell retinopathy
subjects based on measurements of SO, paired
with blood flow from Doppler OCT [248, 268,
269]. Figure 8.9 depicts OCT, OCTA, and
Doppler OCT imaging coupled with oximetry
in the same human eye to assess retinal struc-
ture, capillary perfusion, and total retinal blood
flow and derive rates of inner retinal oxygen
delivery and metabolism (unpublished data).
These metrics are useful to define retinal oxy-
gen extraction fraction, which serves as an
indicator of adequacy of the retinal circula-
tion to meet the metabolic demand [234, 269].
Future application of these multimodal imag-
ing techniques may potentially identify physi-
ological biomarkers for detecting development
and progression of glaucoma.

50 60 70 80 90 100

Fig. 8.9 Multimodal assessment of retinal thickness, microvascular perfusion, blood flow, vascular SO,, and rates of
oxygen delivery and metabolism by OCT, OCTA, Doppler OCT, and oximetry. (Images were obtained in the same eye)
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Artificial Intelligence

Machine learning is a branch of artificial intel-
ligence concerned with the development of
algorithms or models for a computer to use and
progressively improve at a given task. In glau-
coma research, machine learning approaches
have been applied to improve diagnostic accu-
racy of OCT image-based ONH structural
parameters and classification of glaucoma
[27, 270]. Also, numerical modeling has been
applied to OCT images to estimate TM stiff-
ness [271]. A machine-learning model for clas-
sification of glaucomatous ONH based on OCT
and LSFG was developed, demonstrating the
performance of neural network classifier [272].
Based on combined OCT and LSFG data, a
neural network was trained and shown to be an
identifier of disc parameters [273]. Deep learn-
ing (DL) is an advanced, sometimes automated
class of machine learning used for diagnostic
assessment of ocular diseases [274-278]. DL
has been applied to retinal images obtained by
various imaging modalities and shows promise
for diagnostic screening and disease progres-
sion monitoring. Specifically, detection of pho-
toreceptors was made possible by application of
DL to AOSLO images [157, 279, 280]. Several
studies reported DL applied to fundus images
was capable of glaucoma diagnosis [281-286].
Furthermore, DL diagnosed the onset of glau-
coma from macular OCT images and improved
segmentation of ONH tissue using ONH OCT
images [287, 288]. The challenging task of dis-
tinguishing glaucoma suspects from early glau-
coma subjects was performed with the use of
wide-field SS-OCT images processed by a DL
technique [289]. Finally, applied to wide-field
SLO images, DL was shown to detect VF defect
severity [290]. Emerging novel computational
techniques coupled with advancements in imag-
ing technologies show great promise for screen-
ing and early detection of glaucoma prior to the
onset of irreversible vision loss. In the future, it
is conceivable multimodal imaging and artificial
intelligence approaches will eventually become
integrated into clinical practice and improve
management of glaucoma.
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