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Abstract

Early detection and monitoring are critical to the diagnosis and management of glaucoma, a
progressive optic neuropathy that causes irreversible blindness. Optical coherence tomography
(OCT) has become a commonly utilized imaging modality that aids in the detection and
monitoring of structural glaucomatous damage. Since its inception in 1991, OCT has progressed
through multiple iterations, from time-domain OCT, to spectral-domain OCT, to swept-source
OCT, all of which have progressively improved the resolution and speed of scans. Even newer
technological advancements and OCT applications, such as adaptive optics, visible-light OCT,
and OCT-angiography, have enriched the use of OCT in the evaluation of glaucoma. This article
reviews current commercial and state-of-the-art OCT technologies and analytic techniques in the
context of their utility for glaucoma diagnosis and management, as well as promising future
directions.
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INTRODUCTION

Glaucoma is a progressive optic neuropathy that is multifactorial and degenerative. It

is characterized by the death of retinal ganglion cells (RGCs) and their axons, leading

to characteristic optic disc and retinal nerve fiber layer (RNFL) structural changes and
associated vision loss (Weinreb et al. 2016). Glaucoma is the leading cause of irreversible
vision loss and the second leading cause of overall vision loss worldwide (Kapetanakis et
al. 2016, Quigley & Broman 2006). Despite the progressive nature of glaucoma, existing
effective treatments can slow or prevent further progression. Early detection and monitoring
are critical to the management and preservation of vision and quality of life.

Important in the detection and management of glaucoma is optical coherence tomography
(OCT) imaging. OCT was first introduced in 1991 by Huang et al. (1991) as a noninvasive
in vivo cross-sectional imaging technology using low-coherence interferometry. OCT is

the optical analogue of ultrasound imaging. It generates high-resolution cross-sectional

2D images of internal tissue microstructures. OCT was translated to clinical practice and
became commercially available in 1996. The utility of OCT in the context of many ocular
pathologies has been reported (Dong et al. 2016, Puliafito et al. 1995, Schuman et al. 1995).
Specifically pertaining to glaucoma, OCT enables the quantitative evaluation of critical
neural structures, including the RNFL, the optic nerve head (ONH), and the macula. OCT
has revolutionized the diagnosis, monitoring, and ultimately management of glaucoma by
taking glaucoma from a primarily subjectively assessed disease to an objectively evaluated
disease. Significant iterative advances in OCT technology have happened since its inception,
particularly improvements in resolution and scanning speed, which continue to impact
glaucoma management.

Time-domain OCT (TD-OCT) (Figure 1) was the first generation of OCT. TD-OCT directs
a near-IR (NIR) light at the retina and encodes the location of the back-reflected light

based on time of flight by relating the reflection location to the position of a moving
reference mirror (Dong et al. 2016). Limited by the maximal oscillating speed of the
reference mirror, the top scanning speed of commercial TD-OCT was 400 axial scans/s
(Hee et al. 1995, Kostanyan et al. 2015). In 2001, spectral-domain OCT (SD-OCT), also
known as Fourier-domain OCT (FD-OCT), was introduced. In contrast to TD-OCT, SD-
OCT evaluates the frequency spectrum of the interference between a stationary reference
mirror and the reflected light, allowing spatial and structural information to be measured
simultaneously at all echo time delays (axial pixels). The benefit of simultaneous assessment
of all axial-depth scan (A-scan) pixels is the notable increase in scanning speed—up to
100,000 A-scans/s with commercial devices and even up to 20.8 million A-scans/s with
research devices (Huber et al. 2006a,b, 2007; Potsaid et al. 2008; Wieser et al. 2010). In
addition to the reduced acquisition time, SD-OCT has the advantage of increased signal-to-
noise ratio (SNR), resulting in enhanced image quality (Choma et al. 2003, de Boer et al.
2003). Because scanning is so much faster, there can be fewer motion artifacts, and higher
A-scan density can produce the illusion of higher transverse resolution when compared with
TD-OCT. Furthermore, SD-OCT has a drop-off in SNR and axial resolution with increased
distance from the zero-delay line (which appears as the top of the scan window). Image
artifacts, such as those from segmentation errors, low signal quality, and media opacities
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such as cataracts, occur with SD-OCT just as with TD-OCT (Hardin et al. 2015, Kostanyan
et al. 2015, Leitgeb et al. 2003a, Yun et al. 2003).

Swept-source OCT (SS-OCT), another type of FD-OCT, allows for even faster scanning
speeds of up to 200,000 A-scans/s with current commercial devices and in the millions

of A-scans/s with laboratory devices. SS-OCT uses a laser that quickly sweeps through
frequencies across a broad spectrum. The resulting interference pattern is captured by a
photodetector; a spectrometer is not necessary. In contrast, SD-OCT instead uses a broad-
bandwidth light source, and the interference pattern is captured by a spectrometer (Schuman
2008). SS-OCT permits high scan speeds (shorter scan speeds and higher scan density),
less depth-dependent SNR and resolution drop-off, and improved scan quality (less eye
movement). Most SS-OCT devices also use a center wavelength of approximately 1,050
nm (SD-OCT uses a center wavelength of approximately 850 nm), which allows for greater
axial depth imaging and permits better visualization of deeper ophthalmologic structures
such as the choroid and the lamina cribrosa (LC) (Adhi et al. 2014, Kostanyan et al. 2015,
Mrejen & Spaide 2013).

OCT FOR GLAUCOMA DIAGNOSIS

The evaluation of glaucoma is highly dependent on the functional assessment of a patient’s
vision and the structural assessment of the retina and optic nerve. OCT was thus a major
advance for glaucoma owing to the ability to visualize the retinal substructure. Automated
segmentation of retinal layers allowed for objective quantification of retinal tissue layers,
including the macula, peripapillary area, and the ONH. By comparing these measurements
with established normative databases, clinicians can determine whether structures are
borderline or outside normal limits, improving detection of disease and its progression.
RNFL thinning is often one of the first signs of glaucoma, detectable often before changes
in the visual field (Sommer et al. 1991). It has thus since become the most common
clinical approach to detect and monitor glaucoma (Grewal & Tanna 2013, Schuman et al.
1995) (Figure 2). In addition to affecting circumpapillary RNFL, glaucoma preferentially
affects the three innermost retinal layers of the macula, including the RNFL (which contains
ganglion cell axons, neuroglia, and astrocytes), ganglion cell layer (which contains RGC
bodies), and inner plexiform layer (IPL; which contains RGC dendrites, bipolar cell axons,
and amacrine processes), which are collectively called the ganglion cell complex (GCC).
Over half of all RGCs are located in the macula and are arranged in up to eight layers
(Curcio & Allen 1990). Given that the RGC somata are 15-20 times the size of their
axons and are in high density in the macula, abnormalities were thought to be more easily
detectable in the macula than in the RNFL and thus to be of use for glaucoma diagnosis
(Zeimer et al. 1998). Although this did not turn out to be so, glaucoma has been shown to
cause macular RGC loss, and studies have shown significant differences when comparing
macular thicknesses in glaucomatous eyes and healthy eyes (Guedes et al. 2003, Leung et al.
2005).

ONH and macular measurements with OCT have good reproducibility (Ghasia et al. 2015,
Mwanza et al. 2010, Paunescu et al. 2004). Most studies have shown that SD-OCT and
TD-OCT using RNFL have similar glaucoma discriminating ability (Bengtsson et al. 2012,
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Jeoung & Park 2010, Schuman 2008, Sehi et al. 2009). SD-OCT is most commonly used,
and many studies have reported good diagnostic capability of ONH parameters (disc area,
rim area, cup-to-disc ratio, cup volume, RNFL thickness) and macular parameters [RNFL
thickness, GCC thickness, ganglion cell-inner plexiform layer (GCIPL) minimum thickness,
and GCIPL average thickness] for distinguishing glaucomatous eyes from glaucoma-suspect
and healthy eyes with high areas under the receiver operating characteristic curve (AUCSs),
with better performance for more advanced disease (Bussel et al. 2014; Jeoung et al. 2013;
Kotowski et al. 2012; Lisboa et al. 2013; Mwanza et al. 2011, 2012a; Sung et al. 2012a,c;
Takayama et al. 2012). Evidence for the relative performance of ONH parameters has been
conflicting. Some studies have demonstrated the superior performance of RNFL thickness
compared with other ONH parameters, especially for detecting preperimetric glaucoma
(Lisboa et al. 2013, Sung et al. 2012a), whereas other studies have demonstrated more
comparable performance (Mwanza et al. 2011), which can be attributable to differences in
disease severity. Total macular thickness, although significantly associated with glaucoma,
has poor diagnostic performance compared with circumpapillary RNFL measurements
(Greenfield et al. 2003, Wollstein et al. 2004). By quantifying individual layers within the
macula on OCT scans, studies have shown that measurements of the GCIPL and the GCC
had glaucoma discriminating performance comparable to that of circumpapillary RNFL and
other ONH parameters, with minimum GCIPL performing superiorly to average and sectoral
GCIPL ( Jeoung et al. 2013, Kotowski et al. 2012, Mwanza et al. 2012a, Takayama et

al. 2012). A meta-analysis by Oddone et al. (2016) concluded that average peripapillary
RNFL is still more accurate than, although only slightly different from, macular parameters
in diagnosing glaucoma. Diagnostic models that have incorporated multiple structural
parameters were similar in performance but not superior to individual best-performing OCT
parameters (Barella et al. 2013, Bizios et al. 2010, Grewal et al. 2008, Vidotti et al. 2013).

OCT FOR GLAUCOMA PROGRESSION

Once a patient is known to have glaucoma, assessment of disease progression is crucial. It
can be challenging to distinguish perceived disease-related structural changes from intervisit
measurement variability and normal age-related structural loss (Bussel et al. 2014, Leung

et al. 2012). Detecting progression is critical for adjusting clinical management to prevent
further RGC loss and functional loss. Although studies have shown that SD-OCT and
TD-OCT using RNFL have similar glaucoma discriminating ability, SD-OCT has been
reported to have increased sensitivity for detecting progression in RNFL (Bengtsson et al.
2012, Cho et al. 2011, Jeoung & Park 2010, Schuman 2008, Sehi et al. 2009). This can

be explained by SD-OCT’s high scan speed and image resolution, which can assess the
retina with higher resolution while minimizing intervisit variability. Commercially available
SD-OCT systems use algorithms to provide event-based analysis, trend-based analysis, or
both for assessing progression (Figure 3). Event-based analysis identifies progression when
a measurement exceeds an established threshold for change from baseline. Trend-based
analysis assesses progression by evaluating the change of a parameter over time. Typically,
progression is identified when the regression analysis of the parameter over time has a
statistically significantly negative slope (i.e., the rate of change of the parameter). Although
the trend-based analysis is less susceptible to outliers than event-based analysis, trend-based
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analysis requires multiple tests to be reliable and may also be inappropriately assuming
a linear relationship between measurements of structural damage and time (Bussel et al.
2014).

Although conclusions from existing studies are limited by the relatively short follow-up
time within the context of a typically slowly progressive disease, studies thus far have
demonstrated OCT is able to detect glaucoma progression with good sensitivity. One
longitudinal study showed a greater likelihood of progression being detected by event
analysis using TD-OCT scans compared with visual field testing (Wollstein et al. 2005).
Subsequent studies have predominantly shown significant differences in the rate of change
of RNFL in the group of glaucoma progressors as defined by optic disc photos, red-free
RNFL photos, and visual field compared with the nonprogressor group (Na et al. 2013,
Wessel et al. 2013). While some studies have shown similar progression detection sensitivity
between RNFL and macula parameters of total macular thickness and GCIPL (Na et al.
2012), another study of a group of advanced glaucomatous eyes demonstrated the superior
performance of average macular thickness loss, compared with the performance of RNFL or
other parameters, in distinguishing progressors (Sung et al. 2012b). Another study has also
shown that macular GCC global and focal loss volume outperforms ONH, RNFL thickness,
and average GCC parameters in detecting progression (Naghizadeh et al. 2014). One study
with a longer follow-up duration demonstrated superior sensitivity of OCT parameters,
compared with visual field testing, for detecting progression in early glaucoma but not

in more advanced stages. Additionally, the rate of RNFL thinning slowed dramatically

in advanced glaucoma, thus diminishing its utility. However, the rate of GCC thinning
remained relatively stable, allowing for sensitive progression detection even in advanced
disease (X. Zhang et al. 2017).

Diagnosis and detection of progression can be complicated. For example, although myopia
is a risk factor for glaucoma, it has also been linked to real structural changes as well

as apparent artifactual changes that can be difficult to distinguish from true glaucomatous
changes (Chang & Singh 2013, Mwanza et al. 2012b, Schuman 2016). The inclusion of

a myopic normative database in OCT is one solution that can increase the specificity of
diagnosis in patients with myopia, but the commercial implementation of this database has
yet to be seen (Biswas et al. 2016). In the meantime, diagnosis in these populations should
be approached with caution with close follow-up. As alluded to above, age-related changes
affect both patients with glaucomatous eyes and patients with healthy eyes. The detection
of progression should be done carefully to discriminate true glaucomatous progression
from normal age-related changes, especially when evaluating the macula. Age effects have
been observed to preferentially affect the macular parameters rather than circumpapillary
parameters (Leung et al. 2013).

THE LAMINA CRIBROSA AS A BIOMARKER FOR GLAUCOMA

The LC is a fenestrated collagenous structure in the sclera of the eye through which

RGC axons exit the eye to form the optic nerve. The LC is considered the primary site

of RGC injury in glaucoma (Quigley et al. 1981). Notably, it is where both intracranial
pressure and intraocular pressure exert effects simultaneously (Wang et al. 2017). It has been

Annu Rev Vis Sci. Author manuscript; available in PMC 2022 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geevarghese et al.

Page 6

proposed that one mechanism of injury in glaucoma is deformation of the beam and pore
microstructure of the LC, leading to compression of axons, which blocks axonal transport,
ultimately resulting in RGC death (Quigley & Anderson 1977, Radius & Anderson 1981,
Sigal & Ethier 2009). Given the importance of the LC in glaucoma pathogenesis, the ability
to image the LC is of interest. However, it is difficult to obtain adequate scans of deep
structures such as the LC owing to high back-reflection from axons entering the ONH

and the attenuation of signal as a function of the depth the light travels through tissue.
Conventional ONH images acquired for RNFL thickness assessment yield a suboptimal
view of the LC, as the LC lies posterior to the optic disc. In addition, the presence of large
blood vessels and a thick prelaminar tissue (as is present in healthy subjects) further limits
visibility of the LC. As a result, much research on the LC is dependent on histological
examination and ex vivo modeling, but progress in OCT imaging has enabled in vivo
examination of the LC. For one, postprocessing algorithms were developed that enhance
SD-OCT signal contrast by compensating for light attenuation and reducing shadowing from
blood vessels and peripapillary structures. Longer scanning times needed for imaging the
LC increase vulnerability to motion artifacts from eye movements. Currently, there are OCT
devices that incorporate eye-tracking technology and other software tools that can detect eye
motion, discarding the resultant imaging artifact or correcting for eye motion (Girard et al.
2011, Mari et al. 2013, Sigal et al. 2014).

Enhanced-depth imaging (EDI) is an SD-OCT technique that improves the visualization

of deeper structures such as the LC and the choroid. It was developed by Spaide et al.
(2008) to visualize the full thickness of the choroid. With EDI, the SD-OCT device is
brought close enough to the eye to use the inverted image of the fundus, placing the
posterior-most portion of the image closest to the top of the scan window. Conventionally,
the anterior-most structures are near the zero-delay line, at the top of the screen, where
resolution and SNR are highest. This provides greater detail for this portion of the scan
than for the deeper objects found farther down in the scan window. EDI results in a greater
SNR and more robust evaluation of the LC. For example, EDI visualized the LC with
higher reflectivity and contrast compared with conventional SD-OCT (Lee et al. 2011).
EDI-OCT can demonstrate focal defects of the LC associated with local glaucomatous
optic disc damage such as neuroretinal rim thinning/notching and acquired pits of the optic
nerve (Kiumehr et al. 2012, You et al. 2013). Older commercial scanners with EDI-OCT
did not offer high-density isotropic sampling of the LC, but averaged multiple frames to
demonstrate deeper structures with the use of radial patterns or a wide distance between
B-scans (cross-sectional tomographs) to minimize scan times (Lee et al. 2011, Nuyen et al.
2012, Sigal et al. 2014, Spaide et al. 2008, Takayama et al. 2013); however, newer software
enables more useful scan patterns.

Compared with SD-OCT, SS-OCT has less reduction in sensitivity with increasing depths.
SS-OCT’s longer wavelengths and 3D raster scanning with high sampling density allow for
better visualization of the LC (Nuyen et al. 2012, Sigal et al. 2014). Using this method,
Wang et al. (2013) elucidated the 3D microstructure of the LC in the context of glaucoma.
They found glaucomatous eyes had beam and pore microstructures significantly different
from those in healthy eyes, potentially a consequence of structural remodeling and axonal
loss (Figure 4).
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ADAPTIVE OPTICS

Adaptive optics OCT (AO-OCT) is another important methodological advance in
ophthalmic imaging that has improved resolution and scan quality. Originating from imaging
protocols in the field of astronomy to reduce atmospheric distortion from diffraction, AO-
OCT uses a deformable mirror to compensate for distortions from an incoming wavefront
(Dong et al. 2017, Kostanyan et al. 2015, Lombardo et al. 2012). Optical aberrations of

the eye can contribute to blurring and image artifacts in ophthalmic imaging, which AO
technology aims to minimize (Charman & Chateau 2003, Godara et al. 2010, Guirao et al.
2002, Thibos et al. 2002, Williams 2011). Wavefront sensors developed in the 1990s allowed
the measurement of low-order aberrations such as myopia, hyperopia, and astigmatism

and high-order wavefront aberrations that occur in normal eyes (Castejon-Méchon et al.
2002, Diaz-Santana et al. 2003, Dong et al. 2017, Guirao et al. 2002, Lombardo et al.

2012, Nirmaier et al. 2003, Porter et al. 2001). AO technology is integrated with multiple
ophthalmic imaging modalities. First, it was integrated with the conventional fundus camera
in 1997, scanning laser ophthalmoscopy (SLO) in 2002, and OCT shortly thereafter in

2005. SD-OCT scan quality can be limited by the monochromatic aberrations of the eye,
which impact the resolution of the images, but AO-OCT improves resolution substantially
by compensating for these aberrations (Dong et al. 2017, Hermann et al. 2004, Hofer et

al. 2001, Porter et al. 2001). Additionally, inherent to OCT are speckle artifacts that may
obscure microscopic details, which AO helps reduce.

AO-OCT is capable of nearly diffraction-limited 3D resolution images of the ONH and
retina, allowing the visualization of individual cells and photoreceptors (Dong et al. 2017).
Researchers have been able to use AO coupled with a fundus camera, SLO, and OCT to
assess the density of cone photoreceptors and the length of the inner and outer segments

of cone photoreceptors (Choi et al. 2011). In one study, investigators demonstrate that in
glaucoma initial changes in inner retinal thickness may be followed by outer retinal changes,
including changes to the integrity and the density of cone photoreceptors in the outer retina
that correlate with visual field sensitivity in the corresponding area. Photoreceptor outer
segments were shorter with greater variability in retinal areas associated with visual field
loss than in retinal areas that had no visual field loss or that were less affected (Kostanyan
et al. 2015, Werner et al. 2011). AO-OCT can also reproducibly image RNFL axon bundles
(Kocaoglu et al. 2011). This is useful because RGC axonal loss can precede structural
changes of the ONH (Sommer et al. 1977, 1991) and functional changes detectable by
standard automated perimetry. The ability to image at a microscopic level of resolution
allows AO-OCT to map individual RNFL axon bundles in three dimensions and to further
structurally differentiate healthy eyes from glaucomatous eyes (Kocaoglu et al. 2011, 2014;
Torti et al. 2009). AO-OCT has also led to the observation that RNFL bundles exhibit a
discrete reflectance pattern compared with surrounding tissue. Prior literature has suggested
that the intensity of the reflectance pattern might decrease prior to RNFL thinning, offering
another early sign of glaucomatous damage that is detectable with imaging (Huang et al.
2011b, Kocaoglu et al. 2011, van der Schoot et al. 2012, Zhang et al. 2011) but difficult

to quantify owing to variability in measures of reflectance intensity, even normalizing

to alternate structures in the OCT image. AO-OCT resolution has allowed increased
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visualization of the LC and has been used to scan the LC in healthy, glaucoma-suspect,

and glaucomatous eyes. A semiautomated segmentation analysis of 3D LC microstructure
shows good measurement reproducibility (Dong et al. 2017, Nadler et al. 2014). Pairing AO
with SS-OCT offers a promising avenue for future studies of the LC ( Jian et al. 2016).

AO-OCT and other imaging modalities have been combined in a way that takes advantage
of the strengths of these different imaging modalities. AO-SLO allows for high transverse
resolution, short scanning times, and direct measurements of back-reflected light intensity.
AO-OCT allows for high axial resolution, which is limited in AO-SLO. Dual AO-
OCT/AO-SLO systems record SLO and OCT images simultaneously with pixel-to-pixel
correspondence. This technology can use the high axial resolution of AO-OCT to visualize
different layers of the retina such as the inner and outer segments of the photoreceptor

and the external limiting membrane (Dong et al. 2017, Felberer et al. 2014). The AO-SLO
images can be used to facilitate image registration, correcting for eye movement artifacts
and allowing cellular-level resolution of photoreceptors and retinal pigment epithelium.
AO-OCT also permits the sensitivity and axial resolution that AO-SLO lacks in imaging
the LC with depth, even though AO-SLO can provide very-high-resolution imaging of

the LC surface (Vilupuru et al. 2007). Additionally, AO-OCT/AO-SLO systems can image
retinal vessel walls and intravascular structures such as individual erythrocytes (Felberer
et al. 2015). Another multimodal system is AO-OCT and AO-fundus camera imaging.
AO-fundus camera imaging can be used to visualize photoreceptors (Lombardo et al.
2012), RNFL (Ramaswamy et al. 2014), and retinal capillaries (Popovic et al. 2011).
AO-fundus camera imaging provides a large field of view, unlike limited AO-OCT and
AO-SLO, although AO-OCT provides the depth information that enriches what is seen

on AO-fundus camera images (Dong et al. 2017). Overall, AO-OCT has proven to be a
promising and evolving technique that can play a valuable role in glaucoma evaluation.
Currently, technological limitations, with regard to both field of view and image acquisition,
hinder the clinical utility of AO-OCT and AO-SLO.

FUNCTIONAL OCT: DOPPLER OCT AND OCT-ANGIOGRAPHY

Although the pathogenesis of glaucoma is not fully understood, vascular dysfunction in
the ONH may contribute to the development and progression of glaucoma (Cherecheanu
et al. 2013, Flammer et al. 2002). Prior to the advent of OCT-angiography (OCTA),

several technologies, including fluorescein angiography, indocyanine green angiography,
laser Doppler flowmetry, and Doppler ultrasound, demonstrated impaired blood flow in
retinal microvasculature but with their own limitations. Both fluorescein angiography and
indocyanine green angiography are invasive modalities with potential side effects that have
demonstrated alterations in blood flow in glaucoma qualitatively but are limited in resolution
and ability to determine the exact locations of vascular dysfunction, especially with deeper
ONH vasculature (Arend et al. 2004, Francois & de Laey 1974, Lee et al. 2017b, Werner
& Shen 2019). Both laser Doppler flowmetry and laser speckle flowgraphy are noncontact
methods that have shown lower blood flow in subjects with open-angle glaucoma than

in healthy subjects but are limited owing to their measurement variability and restricted
sampling area (Hafez et al. 2003, Nicolela et al. 1997, Piltz-Seymour 1999, Shiga et al.
2016). Color Doppler ultrasound is another noninvasive method that has shown reductions
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in flow velocities and increased vascular resistance in glaucomatous eyes compared with
healthy eyes. Color Doppler ultrasound requires a relatively long wavelength for sufficient
penetration of deeper tissue and is therefore limited in resolution and its capacity to
evaluate smaller retinal vessels (Chiou et al. 1999, Rankin 1999). Doppler OCT detects the
Doppler frequency shift of back-scattered light to provide information about flow velocity
and pulsatile flow dynamics (Leitgeb et al. 2003b, Wang et al. 2011, White et al. 2003).
Like color Doppler ultrasound, Doppler OCT can determine total retinal blood flow and
flow information in larger vessels; both of these methods lack the sensitivity to detect
microcirculatory flow or areas of low flow velocity, especially given their reliance on the
orientation of the vessel relative to the incident ultrasound or OCT beam (Chen & Wang
2017, Jia et al. 2012, Wang et al. 2011, Zhang et al. 2015). Magnetic resonance imaging
has been used for quantifying ONH blood flow but is limited in its sensitivity for detecting
microcirculatory blood flow and focal defects (Priinte et al. 1995).

OCTA is a useful noninvasive technique to assess ocular circulation in the ONH,
peripapillary retina, and macula (C.L. Chen et al. 2016a,b; H.S. Chen et al. 2017; Jia et

al. 2012, 2014; Kwon et al. 2017; Liu et al. 2015; Yarmohammadi et al. 2017). OCTA

can depict vasculature with flowing blood by comparing reflectance signals between serial
scans of the same tissue area over time. Areas of changing reflectance are shown as bright
pixels and areas of static reflectance as dark pixels. Because reflectance signals of an area
in the retina should be constant over serially acquired scans, moving objects, in particular,
red blood cells dynamically flowing through vasculature, are detected by this technique.
Therefore, OCTA uses blood flow as a type of intrinsic contrast agent and does not require
the injection of a dye to map retinal vasculature. In addition, unlike dye-based angiography,
OCTA is depth resolved and reveals multiple vascular plexes within different retinal layers.
Other advantages include fast scanning speed, high image resolution, good interobserver and
interscan reproducibility, and volumetric vascular data that can provide specific information
about the location of vascular abnormalities (Chen & Wang 2017, Liu et al. 2015, Werner &
Shen 2019).

Multiple change quantification methods are used for OCT reflectance signals: phase-signal-
based, intensity-signal-based, and complex-signal-based techniques. Phase-signal-based
techniques measure the variance of the phase shift of light in successive B-scans, which
depends less on vessel orientation, whereas Doppler OCT uses the phase difference between
scans (Chen & Wang 2017). Intensity-signal-based OCTA techniques enhance flow signals
by comparing the amplitude (i.e., the intensity) of the reflectance signals between serial
scans; a constant signal comes from static tissue and a variable signal comes from dynamic
structures (i.e., blood). The complex-signal-based techniques combine both signal phase and
intensity information to improve sensitivity to flow. OCTA provides quantitative metrics,
such as vessel density (VD) and flow index (FI), that indirectly assess ocular blood flow
(Figure 5). No studies to date have established how these metrics relate to true blood flow
and VD (Chansangpetch & Lin 2018, Jia et al. 2014).

Overall, studies using these OCTA algorithms have found evidence of vascular compromise
in glaucoma. Initial studies demonstrated significantly reduced FI and VD in the ONH
and peripapillary retina in eyes with preperimetric and perimetric primary open-angle
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glaucoma (POAG) compared with healthy eyes, with evidence of visualizable focal defects
in glaucomatous eyes ( Jia et al. 2012, 2014; Liu et al. 2015). Subsequent studies have
further confirmed this finding and have shown that macular VDs also tend to be reduced

in glaucomatous eyes compared to healthy eyes (Alnawaiseh et al. 2018, Chen & Wang
2017, Hou et al. 2018, Yarmohammadi et al. 2017). Other studies have since demonstrated
the presence of peripapillary deep-layer microvasculature dropout, or the complete loss of
the microvasculature within the § zone of peripapillary atrophy in patients with POAG
(Lee et al. 2017a, Suh et al. 2016). OCTA parameters were also examined in different
glaucoma subtypes. For example, VDs are reduced in normal-tension glaucoma, with

no significant difference when compared with severity-matched POAG eyes (Bojikian et

al. 2016, Scripsema et al. 2016). VDs are also reduced in eyes with pseudoexfoliative
glaucoma, with greater reductions when compared with severity-matched POAG eyes ( J.H.
Park et al. 2018, Philip et al. 2019, Suwan et al. 2018). OCTA measurements were reduced
in eyes with primary angle-closure glaucoma compared with control eyes (Rao et al. 2017¢,
S. Zhang et al. 2017).

The studies of VD in glaucomatous eyes suggest that VD reduction in glaucoma is a
secondary rather than a primary effect. The loss of RGCs and their axons and dendrites
follows a specific, characteristic pattern in glaucoma, that is, an arcuate loss of tissue
extending and expanding from the ONH. This pattern speaks to glaucomatous injury at the
LC. The pattern of reduction in VD is the same as that of neural tissue loss, yet there is no
single point source to explain this. Rather, the VD reduction pattern suggests that the VD is
diminished because there is less tissue to supply. This secondary role of VD demonstrated
by OCTA may also help explain the closer association between VD and the visual field than
between neural structural measures and functional assessment by visual field testing.

Many studies have examined how OCTA assessment of vascular function has correlated
with existing measurements used in current glaucoma evaluation through visual field testing
and conventional OCT. Studies have shown VD is significantly associated with the severity
of functional loss in visual field testing, and even more so than circumpapillary RNFL

and macular GCC thickness in some studies (Alnawaiseh et al. 2018; Holl6 2017b; Jia
etal. 2014; Jo et al. 2018; Liu et al. 2015; Penteado et al. 2018; Wang et al. 2015;
Yarmohammadi et al. 2016, 2017). In addition to correlating with functional loss, OCTA
vascular measurements also correlate well with structural damage, as indicated by RNFL
and GCIPL thickness (Alnawaiseh et al. 2018, C.L. Chen et al. 2017, Pradhan et al. 2018,
Wang et al. 2015). The extent of the correlation of VD and FI with structural damage

and functional loss can vary by sector (Holl6 2017b; Pradhan et al. 2018; Rao et al.

2017b, 2018; Sakaguchi et al. 2017). Notably, a subset of these investigations examined
glaucomatous eyes with a single hemi-field defect, which have demonstrated reductions in
VD and FI even in the perimetrically unaffected hemiretinae of these eyes. These studies
still demonstrate significant correlations between OCTA parameters with structural OCT
parameters and visual field parameters, but these associations appear to vary sectorally;
Pradhan et al. (2018) found the temporal sector had reduced VD despite normal RNFL
thickness (C.L. Chen et al. 2017, Yarmohammadi et al. 2017). This finding suggests that
there is potential to identify change in OCTA-derived parameters in certain sectors before
abnormalities in RNFL thickness are detected. A topographic association between the
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location of deep-layer microvasculature dropout and the location of visual field damage
and structural defects in the LC and RNFL has also been reported (Lee et al. 2017a; Shin
et al. 2019; Suh et al. 2016, 2018). Additionally, studies have found a stronger correlation
between visual field parameters and VD than between visual field parameters and RNFL
thickness in glaucomatous eyes with high myopia but not in glaucomatous eyes without high
myopia. Thus, there appears to be utility in OCTA for the assessment of highly myopic
eyes for glaucoma, as highly myopic eyes can have nonglaucomatous RNFL thinning
(Shin et al. 2019). Furthermore, OCTA-derived macular VD shows promise for monitoring
late-stage progression especially beyond —14 dB, because unlike OCT measurements such
as circumpapillary RNFL and GCC thickness, no measurement floor has been identified
beyond which glaucomatous change is undetectable (Moghimi et al. 2019).

The diagnostic ability of OCTA measurements in relation to structural OCT parameters has
been examined in prior investigations. Overall, the AUCs and sensitivities for distinguishing
glaucomatous eyes from healthy eyes were roughly similar for OCTA-derived peripapillary
and macular VD parameters and OCT-derived RNFL or GCC thickness, respectively;
however, some studies have shown that RNFL or GCC thickness may be superior to VD
parameters in discriminating ability, whereas other studies have shown the opposite (Chung
etal. 2017; Hou et al. 2019; Kumar et al. 2016; Kurysheva et al. 2018; Penteado et al.

2018; Rao et al. 2017a,d; Triolo et al. 2017; Wan et al. 2018; Yarmohammadi et al. 2016).
Given the relatively recent introduction of OCTA, short-term longitudinal studies have also
demonstrated that OCTA can detect progressive glaucomatous change even without evidence
of change in conventional structural parameters (Hou et al. 2019, Shoji et al. 2017). Lower
baseline macular and ONH VDs were associated with faster rates of RNFL progression,
speaking to the role of evaluating risk of glaucoma progression by OCTA (Moghimi et al.
2018). Studies have also demonstrated a significant correlation between the presence of
parapapillary choroidal microvasculature dropout and longitudinal RNFL thinning (Lin et al.
2019, H.L. Park et al. 2018) and central visual field progression in patients with glaucoma
(Jo et al. 2019, Kwon et al. 2019). Enlargement of this microvasculature dropout occurred
with progressive longitudinal RNFL thinning in POAG (Kim et al. 2019).

OCTA has limitations. Shadowing artifacts, which are signal attenuations that occur when
the OCT signal is blocked or absorbed; motion artifacts from patient movement in the
setting of OCTA'’s relatively long acquisition times; and segmentation artifacts can occur.
Projection artifacts are especially important to consider when interpreting OCTA images.
This occurs when incident OCT light reaches superficial blood vessels and, instead of being
reflected and captured by the detector, passes through blood to more reflective tissues deep
to the vessels, where it back-scatters and produces ghost, or false, vascular networks on a
deeper retinal layer (Borrelli et al. 2019, Chen & Wang 2017, Jia et al. 2012, Spaide et al.
2015). Many strategies, such as the incorporation of eye-tracking technologies to address
motion artifacts, the use of projection-resolved algorithms to suppress projection artifacts,
and the use of high-density scanning to improve scan resolution, have been developed to
improve the quality of images that some studies have previously described as poor (Camino
et al. 2016, Patel et al. 2018, Venugopal et al. 2019). Studies have shown that intravisit

and intervisit reproducibility of OCTA VD measurements was better than that of average
RNFL and GCC thickness, with some studies demonstrating worse intervisit reproducibility
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of OCTA in glaucomatous eyes (Manalastas et al. 2017, Venugopal et al. 2018). Part

of the source of the variability is the dependence of OCTA parameters on, for example,
intraocular pressure, systemic perfusion, and medications, which should be considered when
interpreting each scan (Alnawaiseh et al. 2018, Fuchsjéger-Mayrl et al. 2005, Holl6 2017a,
Mansouri et al. 2018, Rao et al. 2017c).

VISIBLE-LIGHT OCT

As mentioned above, conventional OCT systems use NIR light to produce 3D in vivo
images. NIR light is well suited for ocular imaging because it is minimally absorbed and
scattered in living tissue, allowing for greater depth of penetration. The availability of

NIR broadband light sources, primarily related to their global use in telecommunications,
has also contributed to its widespread adoption in OCT technology (S. Chen et al.

2016, Swanson & Fujimoto 2017). However, visible-light OCT (Vis-OCT) uses shorter
wavelengths, enabling higher axial resolution with a similar spectral bandwidth, a stronger
back-scattered signal given the inverse correlation of optical scattering in biological tissue
with wavelength, and a higher lateral resolution (Bizheva et al. 2017, S. Chen et al. 2016,
Jacques 2013, Povazay et al. 2002, Shu et al. 2017). Vis-OCT also offers an increase in
optical absorption and scattering contrasts but compromises depth of penetration (Shu et al.
2019).

Applicability of Vis-OCT for glaucoma detection can be appreciated when examining the
retinal layers. The optical properties of RNFL can provide information about changes
occurring at the level of axonal structure even before detectable evidence of axonal
degeneration and changes in RNFL thickness (Zhang et al. 2011). A rat model of glaucoma
demonstrated that a change in optical reflectance of RNFL, which arises from scattering

by cylindrical axonal ultrastructure, precedes apparent histological changes in the axonal
cytoskeleton and RNFL thinning, suggesting RNFL optical properties can offer an early sign
of glaucomatous damage (Huang & Knighton 2005, Huang et al. 2011b, Knighton & Huang
1999). Change in RNFL reflectance intensity can improve the predictive ability of the rate
of RNFL thinning for a particular rate of functional deterioration (Gardiner et al. 2016).
Studies have shown promise for the role of RNFL reflectance in early glaucoma diagnosis
(Liu et al. 2014). At shorter wavelengths (~570 nm) the reflectance comes from cylinders
with diameters much smaller relative to the wavelength, but with longer wavelengths (=680
nm) the reflectance from cylinders ranges from 350 to 900 nm (Knighton & Huang 1999).
At shorter wavelengths the optical reflectance of damaged RNFL is less than that at longer
wavelengths (Huang et al. 2011a, Zhang et al. 2011). Thus, OCT systems that incorporate
the visible-light spectrum are more sensitive to the reflectance of thin cylindrical structures
found in the RNFL and may be able to detect early glaucomatous change owing to increased
spectral contrast at shorter wavelengths (Zhang et al. 2011). Additionally, the retinal IPL
contains ganglion cell dendrites arranged into five layers, three inner “on” and two outer
“off” sublaminae, and is where very early glaucomatous changes may occur. Histologic
changes first occur in the outermost layer of the IPL, the “off” sublaminae of the IPL, in
experimental animal models of glaucoma (El-Danaf & Huberman 2015, Ou et al. 2016).
The in vivo visualization and assessment of the layers of the IPL, which can offer new
imaging biomarkers for earlier glaucoma detection and monitoring, have been a challenge
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with conventional OCT systems. Recent investigation introducing new advances into Vis-
OCT technology demonstrates visualization of all five layers of the IPL, offering potential
biomarkers in IPL sublamina thickness, reflectance, and interlayer contrast (Zhang et al.
2019).

Another major advantage of Vis-OCT is the capability to assess retinal oxygenation

and metabolism. Ocular blood flow, although informative, is often used as a proxy for
oxygen and nutrient delivery to tissues. Retinal oximetry, however, can directly provide
information about retinal oxygen utilization, specifically within the context of its role in
the pathogenesis and progression of glaucoma. Studies have specifically supported the role
of hypoxia in glaucomatous retinal damage. Prior investigations, including experimental
animal models of glaucoma, have found elevated levels of hypoxia-inducible factor-1a
(HIF-1a), a transcription factor associated with hypoxic stress, in the ONH and retinas of
glaucomatous eyes compared with healthy eyes (Ergorul et al. 2010, Tezel & Wax 2004).
Retinal blood oxygen saturation rate (sO5), which is the ratio of oxygenated hemoglobin to
total hemoglobin in arteries and veins, could be an important physiological parameter for
monitoring oxygen metabolism in glaucoma. Previously, oxygen electrodes and magnetic
resonance imaging have been used to quantitatively map ocular oxygenation but were
limited owing to their highly invasive nature and restricted spatial resolution (Berkowitz

& Wilson 1995). Fundus photography (Beach et al. 1999) and SLO (Kristjansdottir et al.
2014) are two noninvasive methods that have been used to determine sO5, but their 2D
nature introduces significant error (Pi et al. 2018). Prior studies using fundus photography
have shown that subjects with advanced POAG had higher sO, in venules and a decreased
arteriovenous difference in sO, compared with healthy subjects, but found no difference

in sO, when considering subjects with mild glaucoma or subjects with the full spectrum

of glaucoma severity. The decrease in arteriovenous difference in advanced glaucoma is
thought to be due to lower oxygen consumption by damaged tissue (Olafsdottir et al. 2011,
2014; Vandewalle et al. 2014). Photoacoustic ocular imaging, a 3D modality that uses a
pulsed laser to induce a photoacoustic signal that is then detected by an ultrasonic transducer
at the eyelid, can determine sO, and, when combined with SD-OCT, can quantify retinal
oxygen metabolic rate (rMRO,) by simultaneously measuring blood flow rate ( Jiao et

al. 2010; Liu et al. 2011; Song et al. 2013, 2014; Zhang et al. 2006). To date, technical
limitations have prevented the use of photoacoustic retinal imaging in humans.

Vis-OCT is another 3D modality that has noteworthy applications in retinal oximetry
comparable with those of NIR-OCT. Measurements of sO, are based on the different
absorption of hemoglobin when it is in its oxyhemoglobin (HbO,) form and
deoxyhemoglobin (Hb) form. The visible range of light offers advantages over the NIR
range of light: The two forms of hemoglobin much more strongly absorb light, water
molecules only minimally absorb light, and there is excellent contrast between HbO, and
Hb for spectroscopic analysis (Pi et al. 2018). Studies have measured sO, (Figure 6)

and, when simultaneously measured with blood flow, metabolic parameters such as total
retinal oxygen delivery, oxygen extraction fraction, and rMRO, (Shu et al. 2017; Yi et al.
2014, 2015). A visible-light and NIR dual-band system that was constructed with a single
supercontinuum laser revealed that, compared with NIR-OCT imaging, Vis-OCT was better
able to distinguish the retinal pigment epithelium—choroid complex owing to better axial
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resolution; had more depth-dependent visible-light dissipation, leading to limited imaging
beyond the RPE; and had higher RNFL contrast, comparable blood flow measurements, and
superior sO5 estimation (S. Chen et al. 2017).

Vis-OCT has several potential limitations. Because the retina is particularly sensitive to
visible light, Vis-OCT image acquisition can cause subject discomfort and can distract gaze
from the fixation target, inducing motion artifacts. Furthermore, visible light has higher
phototoxicity at a given incident power; therefore, lower power must be used for imaging,
reducing SNR. This results in imaging sensitivity with Vis-OCT that is lower than that
with commercial NIR-OCTs. Additionally, transmission of visible light through the cornea
and lens is attenuated relative to NIR light owing to high scattering, potentially affecting
scan quality in the setting of aging or media opacification (Chong et al. 2017; Shu et al.
2017, 2019). Recent work has aimed to employ new strategies to improve performance
and to optimize Vis-OCT technology for human retinal imaging over a broad range of

eye diseases, which holds promise for further investigation of glaucoma and also utility in
clinical glaucoma assessment (S. Chen et al. 2017, Shu et al. 2019).

ARTIFICIAL INTELLIGENCE

Artificial intelligence (Al) broadly refers to a field of computer science that involves the
automation of tasks that traditionally require human intelligence. Machine learning (ML) is
a subset of Al that uses data to build models called machine learning classifiers (MLCs),
which generate predictions that grade or classify a particular input. Supervised ML methods
rely on preexisting ground truths usually in the form of human-labeled training data to guide
outputs. Unsupervised ML methods generate outputs from raw data without human guidance
other than being programmed with mountains of data to then discriminate internally. This
results in a black box interpretation by the computer algorithms, which find differentiating
characteristics within datasets that may or may not be identifiable by conventional means.
For example, in a 2018 study, a deep learning (DL) algorithm could discriminate subject
gender from fundus photos—a task impossible for humans evaluating the same set of images
(Poplin et al. 2018). Artificial neural networks (ANNSs) are an ML method modeled after
central nervous system processing that occur in the visual pathway at the level of neurons.
ANN architecture involves nodes, theoretically functioning as neurons, which provide and
receive information to and from other nodes. The nodes are arranged into a layer of data
input, several intermediary layers, and a layer of data output. DL is a computationally
intensive iteration of ANN that uses several intermediary layers of processing to learn and
generate more accurate and complex outputs for increasingly complex inputs, such as raw
images. Convolutional neural networks (CNNs), a subtype of DL, use filter functions to
extract certain features from images (Figure 7). It is thus feature agnostic, not requiring
determinations by humans to guide processing. Layers of weighted feature extraction and
data representation are synthesized to produce the intended classification. Importance is
applied to each node on the basis of an iterative training process that determines the optimal
weights that yield the smallest classification error (LeCun et al. 2015, Zheng et al. 2019).

As the field of Al has expanded and shown great applicability in a wide range of fields
in recent years, it has shown immense promise for glaucoma detection. Initially, extensive
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work with ML using visual fields to distinguish normal from glaucomatous visual fields
performed well compared with global indices of standard automated perimetry and experts
(Asaoka et al. 2016, Chan et al. 2002, Goldbaum et al. 1994). Al has also been able

to identify glaucomatous visual field progression (Goldbaum et al. 2012, Yousefi et al.
2018). ML has also been used with structural information from imaging to aid in glaucoma
detection and management. Al classification techniques for the detection of glaucoma using
SLO and scanning laser polarimetry have shown some success, but these methods have
fallen out of favor in clinical use owing to advances in other ophthalmic imaging (Bowd

et al. 2002, 2004, 2005; Lally et al. 2009; Zangwill et al. 2004). Image classification DL
methods for the detection of referable glaucomatous optic neuropathy on fundus photos
achieved AUC:s as high as 0.98 with relatively high sensitivity and specificity when
compared with clinical providers (Li et al. 2018, Phene et al. 2019, Ting et al. 2017).

With the advent of OCT, the applicability of Al using OCT imaging has also been explored.
The earliest studies that used TD-OCT parameters achieved AUCs as high as 0.991 with
high sensitivities and specificities for detecting glaucomatous abnormalities (Burgansky-
Eliash et al. 2005, Huang & Chen 2005). Al algorithms using SD-OCT parameters have
demonstrated good diagnostic performance (Bizios et al. 2010, Grewal et al. 2008) but were
not superior to the best-performing OCT parameters (Barella et al. 2013, Vidotti et al. 2013).
The incorporation of OCTA-derived VD into neural networks also improves diagnostic
performance of other OCT parameters such as GCIPL thickness (K. Park et al. 2018).

ML methods combining functional and structural OCT parameters increase performance
compared with methods using either parameter alone (Bowd et al. 2008, 2012; Kim et al.
2017).

As with diagnostic studies using fundus photos, DL methods have enabled the use of

more complex inputs, such as those from OCT scans and probability maps generated

from OCT scans. DL algorithms using SD-OCT and SS-OCT scans of the ONH and
macula have achieved high diagnostic performance differentiating glaucoma-suspect eyes
from glaucomatous and healthy eyes as well as detecting glaucoma progression; some
studies have demonstrated performance superior to that of conventional global and sectoral
OCT parameters as well as standard automated perimetry parameters (Asaoka et al. 2019;
Christopher et al. 2018; Lee et al. 2020a,b; Muhammad et al. 2017). It is important to
recognize that the performance of the employed algorithms is dependent on the quality

of the OCT scans and on their segmentation, measurements, and maps if employed for
analysis. Additionally, these algorithms may include or exclude valuable information from
unconventional sources, such as from tissue reflectance or other raw imaging data, that has
yet to be identified as useful.

In one approach, Al algorithms can improve OCT scan quality by using promising denoising
efforts (Devalla et al. 2019, Gisbert et al. 2020, Halupka et al. 2018, Huang et al. 2019).

One such study used Al for denoising on OCT B-scans of the ONH, which dramatically
improved the quality of OCT scans while reducing scanning times and minimizing patient
discomfort (Devalla et al. 2019). Al can also be used to enhance OCT segmentation,

which has implications for glaucoma disease modeling, particularly at the ONH (Miri et al.
2015, 2017; Zheng et al. 2019). Some investigators effectively digitally stained neural and
connective tissue layers of the ONH, including retinal layers, and the LC using DL, allowing
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for automated structural measurements (Devalla et al. 2018). Maetschke et al. (2019b) used
a feature-agnostic CNN approach to classify glaucomatous eyes with raw unsegmented

3D OCT volumes of the ONH rather than with parameters conventionally associated

with glaucoma. They found that this was superior to measurements of RNFL thickness

in the classification of glaucoma disease status. Class activation maps, a method used to
visualize the data within an image area that a CNN uses in its classification (Zhou et al.
2016), provided insight into the regions of OCT volumes that were important for glaucoma
detection. In addition to established clinical markers of glaucoma, including the neuroretinal
rim and optic disc cupping, the LC and its surrounding regions were also consistently
identified, which is in line with recent studies recognizing the LC as an important structure
that can be visualized with OCT in glaucomatous eyes, offering new potential areas for
glaucoma evaluation (Maetschke et al. 2019b). Another study by Maetschke et al. (2019a)
demonstrated the use of a CNN on raw OCT data to estimate global visual field parameters,
visual field index and mean deviation, in healthy patients and patients with glaucoma. CNN
was superior to other ML methods using conventional features. Thompson et al. (2020)
used a segmentation-free DL algorithm to diagnose glaucoma with performance superior
to that of RNFL thickness parameters determined using conventional segmentation. DL
using feature agnostic analysis of raw OCT data appears to be a promising, efficient, and
cost-friendly alternative that may be superior to existing methods for identifying glaucoma
and its progression.

Last, using anterior segment OCT, ML has proven to be useful in both the automated
detection of angle closure and the identification of its mechanism (Fu et al. 2019; Niwas et
al. 2016; Xu et al. 2013, 2019).

FUTURE OF OCT

In just a matter of a few decades since its inception, OCT has become a powerful, constantly
evolving mainstay. Swanson & Fujimoto (2017) identified the following features of the
surrounding ecosystem that were critical to the success of OCT: the physics principles that
allow for impressive performance at a relatively low cost; government research funding;
competition and collaboration fostered by the existing academic research infrastructure;
interdisciplinary innovation; the ability to address real clinical needs that improve care

and lower costs; entrepreneurism and large-scale investments; and the ongoing economic,
scientific, and clinical impacts that reinforce and self-sustain the ecosystem for continued
use and growth.

Intraoperative OCT (iOCT) is a potential application for the management of glaucoma that
can add to and reinforce this ecosystem. iOCT was first introduced in the 1990s and has
since emerged as an adjunct to ophthalmic surgery. Initially, the integration of SD-OCT

into ophthalmic surgery involved portable OCT devices in the operating room that were
handheld, externally mounted, or microscope-mounted, and required interruptions during the
surgical procedure in order to acquire images. Advances in multimodal technology, such as
the microscope-integrated iOCT system, have transformed surgery by providing the ability
to visualize in real time structures that previously could not be seen, potentially impacting
decision-making as the surgery is happening (Ehlers et al. 2014b). iOCT has been used

Annu Rev Vis Sci. Author manuscript; available in PMC 2022 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geevarghese et al.

Page 17

in both anterior segment and posterior segment surgeries, including glaucoma surgeries
such as trabeculectomy and tube implants (Ang et al. 2020, Ehlers et al. 2014a). Some
barriers to widespread clinical use in glaucoma surgery include cost; a steep learning curve;
lag between real-time surgical movement and the image display; limited light penetration;
motion artifact from eye movement; and obstruction, shadowing, and reflectivity by metal
instruments and the sclera (Ang et al. 2020, Heindl et al. 2015, Junker et al. 2017). Future
technological advances addressing these limitations, such as lag-free live OCT images,
OCT-compatible surgical instruments, and SS-OCT, can potentially lead to integration into
the routine surgical practice (Ang et al. 2020; Ehlers et al. 2014b, 2015).

Teleophthalmology, a branch of telemedicine that delivers care through the intersection

of telecommunications and digital medical equipment, can also be impacted by the
incorporation of OCT. Teleophthalmology is particularly suited for connecting clinicians to
underserved and remote populations. For example, glaucoma is a disease that preferentially
affects older adults. Glaucoma and other vision-impairing diseases can impact the quality of
life of older adults through an increased risk of depression, decreased social engagement,
and impaired activities of daily living and employment, all of which can ultimately

impact access to health care (Jin et al. 2019, Umfress & Brantley 2016, Wang et al.

2012). Furthermore, populations of African descent have a significantly higher prevalence
of POAG and higher rates of blindness. Studies have demonstrated notable differences

in treatment rates for black populations compared with white populations, suggesting
undertreatment as a reason for this disparity ( Javitt et al. 1991). Regular and frequent
clinical visits are required to detect glaucoma and monitor its progression, and clinical
management should be individualized accordingly. Thus, while access to care may be
increasingly limited in certain populations, the demands of preventing glaucoma from
progressing continue to exist. Home monitoring offers a new way to expand care to
nontraditional settings in order to facilitate effective care and improve patient outcomes.
Self-tonometers for measuring intraocular pressure outside the office have been proposed
in the past. One such device is a commercially available tonometer called iCare HOME
(iCare Finland Oy; http://www.icarefinland.com/), which has shown reasonable feasibility
and accuracy (Rojas et al. 2020, Takagi et al. 2017). Both Notal Vision (Manassas,
Virginia; https://notalvision.com/) and Kubota Vision, Inc. (Seattle, Washington; https://
www.kubotavision.com/) have developed preclinical home-based OCT devices that are
reported to be lightweight, user friendly, and technician-free and are expected to be on the
market soon. The Notal Vision unit is reportedly Al-based to allow automated identification
of intra- or subretinal fluid in eyes with exudative age-related macular degeneration. Health
care providers are able to use their cloud-based platform to monitor patients between
regularly scheduled visits. Although it may be some time before the necessary quality for
glaucoma monitoring is achieved, the potential translation to home monitoring glaucoma is
not hard to imagine. Coupled with home perimetry (which is even closer than home-based
OCT to becoming a clinical reality) and the potential role of Al, home health care delivery
could have a large societal and economic impact by way of more accessible detection and
prevention of irreversible glaucoma damage and related health care cost savings.
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In summary, OCT technology has dramatically transformed the clinical management of
glaucoma. With constantly evolving innovation and growing applicability, the future of OCT
for glaucoma diagnosis and management remains bright.
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SUMMARY POINTS

1 Glaucoma is a progressive, degenerative disease that can lead to irreversible
blindness. Through its development from time-domain optical coherence
tomography (TD-OCT) to spectral-domain OCT (SD-OCT) and swept-source
OCT (SS-OCT), and improvements in resolution and scan speeds, OCT
imaging has become a powerful tool for diagnosing and detecting the
progression of glaucoma.

2. The lamina cribrosa (LC) is the primary site of glaucomatous retinal ganglion
cell axonal injury. The LC microstructure can be an OCT imaging biomarker
for glaucoma.

3. The integration of adaptive optics with OCT has further improved the ability
to image the optic nerve head and the retina with high axial and transverse
resolution. It is possible to discriminate individual photoreceptors, retinal
nerve fiber layer (RNFL) axon bundles, and the LC microstructure, providing
more ways to sensitively detect and monitor glaucoma.

4. Vascular dysfunction can be a contributor to the development and progression
of glaucoma. OCT-angiography (OCTA) is a noninvasive technique for
specifically assessing the retinal and optic nerve circulation, with high
resolution and reproducibility. OCTA-derived quantitative measurements of
ocular vasculature such as vessel density and flow index have shown
evidence for vascular compromise in glaucomatous eyes and have diagnostic
capabilities comparable to conventional OCT parameters.

5. Visible-light OCT (Vis-OCT) utilizes light of shorter wavelengths compared
with conventional OCT systems, which use near-IR light. As a result, Vis-
OCT can offer new imaging biomarkers for glaucoma, such as visualization
of the retinal inner plexiform sublayers. Vis-OCT can also assess in vivo
oxygen saturation using vascular spectroscopic OCT signals.

6. Automation of tasks with artificial intelligence (Al) algorithms, utilizing OCT
parameters and more complex inputs such as raw OCT imaging data, has
performed well in the diagnosis of glaucoma. Al can also provide insight into
structural regions that have yet to be established as having value in glaucoma
detection and management.

7. While OCT technology has its limitations, it is constantly evolving.
Intraoperative OCT and teleophthalmology with the development of home
OCT devices are two ways in which OCT technology can profoundly impact
glaucoma management in the future.
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Figurel.
Stratus-OCT (Carl Zeiss Meditec, Dublin, California) B-scan of (&) the peripapillary

retina with retinal layers labeled and (4) the macular retina. Abbreviations: INL, inner
nuclear layer; IPL, inner plexiform layer; NFL, nerve fiber layer; OCT, optical coherence
tomography; ONL, outer nuclear layer; OPL, outer plexiform layer; RPE, retinal pigment
epithelium.
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Figure2.
Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, California) report for a subject with one

glaucomatous eye (OD) and one nonglaucomatous eye (OS). (a) The RNFL thickness map
() displays RNFL thickness around the optic disc through a color map, with the thicker
RNFL measurements in red and yellow and the thinner RNFL measurements in green and
blue. RNFL thickness measurements by quadrant (S, I, N, and T) and clock hour are shown.
(®) Values within the normal range of age-matched controls are in green (within normal
limits). Values that fall outside the normal range for their age are displayed in yellow if p
<5% and = 1% (borderline) or in red if p <1% (outside normal limits). RNFL thickness
in the superior and inferior quadrants is abnormal in OD compared with OS, in which

the inferior quadrant is borderline. The RNFL deviation map () shows RNFL thickness
deviations from the normative database overlaid on an en face image. Borderline RNFL
thickness measurements are shown in yellow, and RNFL thicknesses outside normal limits
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are shown in red. Substantial glaucomatous thinning is seen in red OD. Abbreviations: C/D
ratio, cup-to-disc ratio; HD-OCT, high-definition optical coherence tomography; I, inferior;
N, nasal; NA, not applicable; ONH, optic nerve head; RNFL, retinal nerve fiber layer; S,
superior; T, temporal.
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Figure 3.
Example of a GPA report (Carl Zeiss Meditec, Dublin, California) of a glaucomatous

eye that has shown progression in peripapillary RNFL thickness (format modified for
publication). The deviation map ((D) shows areas of change that are statistically significant
for the first time (orange) and subsequent areas of statistically significant change (red). The
location and shape of these areas of change indicate the likelihood that the RNFL thinning
actually represents glaucoma and its progression. In other words, if the location and shape
are consistent with glaucoma, then it is likely that the detected changes are due to glaucoma.
Below the deviation maps, graphs show the average RNFL, the superior RNFL, and the
inferior RNFL thicknesses over time (@). Again, the first statistically significant drop in
RNFL thickness is indicated by an orange dot, and subsequent significant reductions are
indicated by red dots. These are trend analyses, as opposed to the event analyses shown

in the deviation maps. The average cup-to-disc ratio graph indicates whether there is a
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statistically significant increase in cup-to-disc ratio. If the RNFL is decreasing and the
cup-to-disc ratio is increasing, then this is good corroboratory evidence that the change
measured is real. Below these graphs is the RNFL thickness profile (), on which the
baseline profiles (B_1 and B_2) are overlaid on today’s visit (C). This is a useful graph in
that the locations and degrees of thinning can be seen, and if they are in areas that would
be expected to change with glaucoma, then this increases the likelihood that those changes
are real glaucomatous changes. The table of RNFL and ONH summary parameters (®)
presents the same data shown in panel aand highlights statistically significant change in
orange and red. Abbreviations: GPA, guided progression analysis; INF, inferior; NAS, nasal;
ONH, optic nerve head; RNFL, retinal nerve fiber layer; SS, signal strength; SUP, superior;
TEMP, temporal.
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Figure 4.
SS-OCT images displaying the pores (b/ue) and the surrounding beams (yellow) in the

microstructure of the lamina cribrosa of (a,56) healthy and (c,d) glaucomatous eyes. Although
the differences in microstructure between glaucomatous and healthy eyes are not visually
apparent, using a segmentation analysis that quantifies the microstructure, Wang et al.
(2013) found a greater beam thickness—to—pore diameter ratio and greater variability in pore
diameter in glaucomatous eyes than in healthy eyes. Figure adapted from Wang et al. (2013);
copyright 2013 10VS, Association for Research in Vision Science. Abbreviation: SS-OCT,
swept-source optical coherence tomography.
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Figureb.

(a) AngioPlex OCT-angiography (Carl Zeiss Meditec, Dublin, California) image of a

glaucomatous eye. () Peripapillary superficial vessel density (mm/mm?) in the central,
inner, outer, and full regions is quantified in the table. (¢,d) Region of decreased vessel

density correlates with region of RNFL thinning as seen on (¢) the RNFL thickness
map and (d) the RNFL deviation map from the Cirrus HD-OCT (Carl Zeiss Meditec)

report. Abbreviations: ETDRS, Early Treatment Diabetic Retinopathy Study; HD-OCT,
high-definition OCT; OCT, optical coherence tomography; RNFL, retinal nerve fiber layer.
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Figure®6.
The artery (Ajn) and vein (Vjn) at the dotted line on the (&) en face visible-light OCT

image are seen in the (4) B-scan, from which (¢) their respective spectroscopic OCT signals
are fitted to the hemoglobin absorption profile to determine retinal arterial and venous
blood oxygen saturations. Image courtesy of Z. Ghassabi, M. Wu, . Rubinoff, Y. Wang, B.
Davis, B. Tayebi, G. Wollstein, J. Schuman, H. Zhang & H. Ishikawa (unpublished study).
Abbreviation: OCT, optical coherence tomography.
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—> Output

Figure7.
Convolutional neural networks. Filter functions reduce a portion of the depicted input image

(box) into feature maps (gray squares), which are representations of the presence of features
in the input image (D). Pooling layers downscale feature information by summarizing parts
of the feature map (®). Forward feeding of information to subsequent layers produces the
final output layer, which ultimately yields the desired classification ((3). Abbreviations: N,
nasal; T, temporal.
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