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INTRODUCTION

Glaucoma, as the second leading cause of blindness worldwide, irreversibly damages patients’
structural and functional tissues, such as the filtration angle, Retinal Ganglion Cell Complex
(GCCQ), Retinal Nerve Fiber Layer Thickness (RNFL), Choroidal Thickness (CT) and optic nerve
head microcirculation [1,2].

Limited resources of histological samples, especially for the early stages of glaucoma, have
impeded a better understanding of early anatomical changes in glaucoma. Using different imaging
technologies enabled the objective and quantitative assessment of structural damages in several
ocular diseases. Optical coherence tomography (OCT), introduced as noninvasive imaging
technology in the early 1990s, is commonly used in ophthalmic clinics for the diagnosis and

management of glaucoma [3].
COMMERCIALLY AVAILABLE OCT TECHNOLOGY

OCT is based on the principle of low-coherence interferometry, which detects the time of flight
delay of light reflected from the ocular tissues [4]. OCT is analogous to ultrasound; however, OCT
detects reflections of infrared light waves from different ocular structure rather than acoustic
waves. There are primarily two prototypes for OCT technology in the clinical setting: the Time-
Domain (TD)-OCT and the Spectral-Domain (SD)-OCT [5]. TD-OCT uses low-coherence light,
which will be split into two beams at a partially reflecting mirror. One beam is focused on the
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tissue of interest, whereas the other beam is directed at a mirror, which is attached to a moving
reference arm. The two beams recombine at a specific photo detector. Then, the interference is
assigned to evaluate the intensity of the back reflected light, which corresponds to the structural
tissue. SD-OCT evaluates the intensity of the back reflected light without moving the reference
arm, considerably saving scanning time. SD-OCT encodes the time delay at each depth by using
the Fourier transform of the interference spectrum of the light signals. Moreover, SD-OCT uses a
broader wavelength to improve the image resolution. Based on those combinations, SD-OCT can
acquire more data with better resolution images at higher scanning speed than TD-OCT, which

makes it a valuable tool for retinal disease evaluation [6,7].

With higher axial resolution, faster scanning speed and lower susceptibility to eye movement
artifacts, the SD-OCT offers more detailed, structural information and improved repeatability
and reproducibility than TD-OCT. However, several studies have demonstrated that they have
statistically similar diagnostic accuracy in several glaucoma diagnostic parameters [8,9].

ANTERIOR SEGMENT AND POSTERIOR SEGMENT OCT DEVICES

Based on different light sources, the Anterior-Segment (AS)-OCT devices can be categorized
into two systems: dedicated systems using 1310 nm (Zeiss Visante AS-OCT, Tomey CASIA,
Heidelberg SL-OCT, etc.) and systems converted from the regular retinal scanner using 830 nm
(Optovue Avanti RTvue XR, Optovue RTvue, Optovue iVue, Zeiss Cirrus, Heidelberg Spectralis, etc)
[10]. Because of the differences in light sources, there are several functional differences between
the two systems. A longer wavelength (1310 nm) dedicated system can provide full view of the
anterior chamber, deeper penetration and a small amount of the light can reache the retina due to
its strong absorption in the ocular media (Figure 1A). On the contrary, a shorter wavelength (830
nm) system can demonstrate a higher axial resolution but not full view of the anterior chamber
and limited imaging depth (Figure 1B).

For the posterior segment OCT devices, there are two systems: regular systems approximately
830 nm (Optovue Avanti RTvue XR, Optovue RTvue, Optovue iVue, Zeiss Cirrus, Topcon 3D-
1000/2000, Heidelberg Spectralis, etc.) and systems using 1050 nm sweptlaser (Topcon DRIOCT).
Several of these retinal OCT devices can provide not only the retinal structural information (e.g.,
macular thickness, RNFL, CT, and lamina cribrosa depth etc) but also the retinal microcirculation

information (e.g., Flow Index (FI), blood flow velocity, and vessel density).
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Figure 1: Anterior chamber angle cross-sectional images of Time-Domain (TD) Anterior
Segment Optical Coherence Tomography (AS-OCT), Spectral Domain (SD) OCT and Pentacam
Scheimpflug system. The scleral spur is visible in the TD AS-OCT (A) Images but not resolvable

in the SD AS-OCT (B) and Pentacam Scheimpflug (C) images.

ANTERIOR SEGMENT PARAMETERS

Gonioscopy, which is considered to be a gold-standard method for measuring the Anterior
Chamber Angle (ACA), can provide static and dynamic ACA information. Using this technique,
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the ACA width is graded by evaluating the distance between the trabecular meshwork and the
iris root. As a contact and subjective examination method, gonioscopy requires an experienced
operation technique because of its poor repeatability and reproducibility [11]. Therefore, an
easier quantitative and objective method for measuring the ACA could make the results much
easier to compare. Cross-sectional imaging technologies, such as ultrasound biomicroscopy,
Scheimpflug photography, and OCT, have been used for the quantitative measurement of ACA in

a clinical setting.

Compared to gonioscopy, the UBM provides high resolution images (50-um lateral and axial
resolution in the commercial system) of the ACA and has demonstrated more details regarding
ACA since the 1990s. Moreover, UBM, which has a 5-mm depth penetration in the tissue and
has the ability to image through opaque media, can demonstrate information regarding the
ciliary sulcus and posterior border of the ciliary body because of the higher tissue penetration
feature of the acoustic wave. However, UBM has several limitations in the clinical setting, such
as requiring contact with the globe, as well as being time-consuming and technician-dependent.
More importantly, the inadvertent pressure on the eye cup could influence the anterior chamber

configuration [12].

The Scheimpflug imaging technology has been used for quantitatively measuring ACA in the
clinical setting. However, the actual ACA recess is hardly visualized due to the poor penetration
and light scattering from the sclera and sclera spur (Figure 1C). Therefore, the important structural
landmark information in this region can be easily missed.

AS-OCT, which is a non-contact, non-invasive imaging modality can be performed easily and
can demonstrate good repeatability and reproducibility in the clinical setting [13]. [t demonstrates
higher image resolution than UBM, and the noncontact feature of AS-OCT not only gives patients
feeling of safety and comfort with respect to its operational but also eliminates any imaging
distortion of the ACA and improves the reliability of angle parameter measurements. There are
several parameters for ACA evaluation, such as Angle Opening Distance (AOD 500 ym and 750
um), Angle Recess Area (ARA), Trabecular-Iris Space Area (TISA) and ACA.

AOD: This parameter was first described by Pavlin et al. using UBM [14]. It is the distance from
the iris to the angle wall along a perpendicular line to the trabecular meshwork and cornea at two

specific distances (500 um and 750 um) from the scleral spur.

ARA: This parameter was first reported by Ishikawa et al. using UBM [15]. It is the triangular
area with three boundaries: 1) Anterior boundary, the AOD 500 um or AOD 750 um; the apex, the
angle recess; 2) Superior boundary, the inner corneoscleral wall and 3) Inferior boundary, the iris
surface. Compared to the AOD, the ARA is a theoretically better parameter because it considers
the entire contour of the iris surface, not just a single point on the iris. However, the ARA may not
be sensitive enough to determine a narrow angle for eyes with deeper angle recess.
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TISA: This parameter was reported by Radhakrishnan et al. [16]. It is defined as the trapezoidal
area with four boundaries: the superior boundary, the inner corneoscleral wall; the anterior
boundary, a perpendicular line from the iris surface to the inner corneoscleral wall at 500 um
or 750 um anterior to the scleral spur; the inferior boundary, the iris surface; and the posterior
boundary, a perpendicular line from the scleral spur to the inner corneoscleral wall. Because of
the exclusion of the nonfiltering area behind the sclera spur, TISA may better define the actual

filtering region. (Figure 2)

ACA: This parameter was first reported by Pavlin et al [14]. Traditionally, it consists of one
apex (angle recess) and two arms (drawing lines through the endpoints of AOD 500 ym). Several
researchers have suggested using sclera spur, which is clearer than the angle recess in OCT

imaging, as the fulcrum of angle measurement.

Figure 2: Schematic diagram of anterior chamber angle parameters, such as angle opening
distance (AOD 500/750), anterior chamber angle (8), angle recess area (ARA 500), trabecular iris
space area (TISA 500), analyzed by ultrasound biomicroscopy and anterior segment optical coherence
tomography software. AOD is a distance from the iris to the angle wall along a perpendicular line
to the trabecular meshwork and cornea at two specific distances (500 ym and 750 ym) from
the scleral spur. ACA consists of one apex (angle recess) and two arms (drawing lines through
the endpoints of AOD 500). ARA is the triangular area with three boundaries: 1) Anterior
boundary, the AOD 500 or AOD 750; the apex, the angle recess. 2) Superior boundary, the inner
corneoscleral wall and 3) Inferior boundary, the iris surface. TISA is defined as the trapezoidal
area with four boundaries: 1) Superior boundary, the inner corneoscleral wall; 2) Anterior
boundary, a perpendicular line from the iris surface to the inner corneoscleral wall at 500 yum
or 750 um anterior to the scleral spur; 3) Inferior boundary, the iris surface; and 4) Posterior
boundary, a perpendicular line from the scleral spur to the inner corneoscleral wall. Note: Dot
A represents the sclera spur. The distance from dot A to dot B and from dot A to dot C is 500 um
and 750 um, respectively.

The quantitative evaluation of the ACA has been studied by many authors. In the study by
Radhakrishnan et al., the AOD 500 um, ARA 500/750 yum and TISA 500/750 um showed excellent
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discriminative ability (the area under the receiver operating characteristic curve ranging from
0.96 to 0.98) to distinguish the narrow angle [16]. Another study also showed that the ACA and
AOD 500 parameters demonstrated approximately 90% high sensitivity and specificity to detect
an occludable angle [17]. AS-OCT can be not only a useful tool for screening narrow angle but can
also quantitatively measure the anterior chamber changes in illumination and Laser Peripheral
Iridotomy (LPI) situations [18-22]. For those parameters, previous research has demonstrated
that AOD 750 is the most significantly useful angle assessment tool for distinguishing a narrow
angle using AS-OCT images [23]. Moreover, AS-OCT can be used to evaluate the correlation of
the filtering blebs morphology and post-operative IOP control [24-26]. The 3D AS-OCT imaging
modality can show more detailed information regarding the internal morphology of filtering blebs
and demonstrate the accurate position of the filtration opening on the sclera flap margin after
trabeculectomy [27]. Recently, Kojima et al,, using 3D AS-OCT found that the filtration opening
width at the early stage of post-trabeculectomy may be a prognostic factor for long-term 10P
control [28].

There are several limitations of AS-OCT that should be recognized in clinical application.
First, several previous reporters found that AS-OCT tended to detect more closed angles than
gonioscopy and that this discrepancy may, in part, be attributed to different definitions of angle
closure and potential illumination-induced widening of ACA using gonioscopy [29,30]. Second,
the sensitivity and specificity of single quantitative AS-OCT parameters are not sufficient enough
to perform the population-based screening for closed angle [31,32]. Third, time-domain AS-
OCT only captures one or two cross-sectional images at a single scanning, which is not sufficient
enough to evaluate the entire ACA and some important information may be missed. It is time-
consuming and impractical to obtain 360°ACA information by using the scanning meridian by
meridian. Finally, the scleral spur, which is hardly visible in 30% of the OCT scanning images,
is an important landmark to realize angle quantitative analysis [23,33]. Moreover, scleral spur
identification could also be affected by the juxtaposition of the highly reflective tissues in narrow
angles.

POSTERIOR SEGMENT PARAMETERS

Standard Automated Perimetry (SAP) has commonly been regarded as the gold standard
method for assessing of progressive damage in glaucoma patients; however, the Visual Field
(VF) testing demonstrated poor repeatability and substantial variability in several patients
[34-36]. OCT can provide noncontact, real-time, and high-resolution cross-sectional retinal
structural (RNFL thickness, macular thickness, CT, GCC, LC depth, etc.) and functional images
(total retinal blood flow, FI, and vessel density) in vivo [8,37-41]. Retinal nerve fiber is derived
from the retinal ganglion cell axons. The circumpapillary RNFL thickness will typically change in
glaucoma progression. Previous clinical research with large sample sizes have demonstrated that

progressive RNFL and structural optic nerve damage could be observed before the detectable
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losses on SAP [42-45]. Miki et al. showed that the RNFL loss rate measured using SD-OCT may be
a useful tool for identifying patients with high risk of developing VF loss; for the glaucoma suspect
eyes, the rate of global RNFL loss was more than twice as fast in eyes that developed VF defects
compared with those that did not develop VF defects [46]. However, Hood et al. demonstrated that
the en face OCT images based on the average reflectance intensity were better than the traditional
OCT RNFL thickness analysis for identifying the details of local glaucomatous damage [47].

The loss of retinal ganglion cells is regarded as a vital step in the pathogenesis leading to
thinning RNFL and ONH changing. Ng et al. demonstrated the good repeatability of measuring
mascular and perimacular Ganglion Cell Complex (GCC) using SD-OCT in 92 non glaucomatous
eyes [48]. Recent researches confirmed that the macular GCC can be a useful structure-function
indicator in detecting early glaucoma and that it has a strong correlation with frequency-doubling
technology perimetry sensitivity and SAP sensitivity [49,50].

The Lamina Cribrosa (LC), a mesh-like structure surrounding and supporting the retinal
ganglion cell axons, has been proven to be connected with glaucomatous optic disc and VF
changes in human eyes in vivo using the Enhanced Depth Imaging OCT (EDI-OCT) [38,51-54].
Moreover, elevated Intraocular Pressure (IOP) could result in the posterior LC displacement
and IOP lowering treatment can reverse this displacement [55-57]. A recent study showed that a
reliable time course of anteroposterior LC position and LC depth monitoring could be most useful

for early glaucoma treatment through the preperimetric and mild-to-moderate stages [58].

Increased IOP in glaucoma may damage the microcirculation and vascular perfusion around the
Optic Nerve Head (ONH). Earlier histological research showed thinner choroid in glaucoma eyes
compared to normal eyes, which may support some connection between choroidal morphology
changes and glaucoma [59-61]. As the modified version of SD-OCT, the EDI-OCT can likely obtain
the full choroidal images in vivo [62]. Unfortunately, the majority of the studies regarding CT in
glaucomatous eyes scarcely found significant differences in CT both under the fovea and around
the ONH compared with healthy controls [63]. Additionally, no significant correlation was found
between glaucomatous eyes and the marked thinning or thickening of the choroid in the foveal
and parafoveal region [64-66]. However, the difficult clearly discerning characteristic of the
choroidal-scleral boundary and the manual segmentation of CT makes the results more variable
[67,68].

In addition to the structural changes in glaucoma, previous research has demonstrated that
vascular dysfunction may be associated with glaucoma [69-73]. Different methods have been
used to detect ocular blood perfusion in clinical practice and experimental research. Prolonged
arteriovenous passage times, fluorescein-filling defects in the disc and focal sector hypoperfusion
of ONH have been demonstrated in patients with ocular hypertension, primary open-angle
glaucoma, low-tension glaucoma and chronic simple glaucoma using Fluorescein Angiography
(FA) [74-78].FA and indocyanine green angiography provide qualitative evaluations of retinal and
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choroidal circulation although they do not provide objective quantitative measurements. Unlike
FA, Laser Doppler Flowmetry (LDF) and Laser Speckle Flowgraphy (LSFG) can noninvasively
measure disc perfusion in glaucoma. Compared to normal subjects, the decreased blood flow in
ONH of glaucoma suspects and glaucoma using the single-point LDF has been reported by Hamard
et al. and Piltz-Seymour et al. [79,80]. Significantly decreased neuroretinal rim blood flow and
peripapillary retinal blood flow were demonstrated in patients with glaucoma using the scanning
LDF [81]. Regarding the significantly lower blood flow in ONH of open-angle glaucoma patients,
Hafez et al. and Michelson et al. suggested that reduced ONH blood perfusion may manifest earlier
than the VF defections [82,83]. Using LSFG, previous research reported lower mean blur rates of
ONH and less perfusion at the superior and inferior sectors of disc rim in patients with glaucoma
[84,85]. However, the intra-visit repeatability and inter-visit reproducibility of LDF and LSFG are
too variable to be used in the clinical diagnosis [86,87]. As a noninvasive imaging technology,
using Doppler OCT enable us to obtain precise measurements of total retinal blood flow calculated
from the Doppler frequency shift of backscattered light [88]. Using Doppler OCT, previous studies
demonstrated not only reduced retinal blood flow in glaucomatous eyes but also the close link
among reduced retinal blood flow, thinning retinal neural structure and VF loss [89,90]. Recently,
Tan et al. confirmed that the reduced total retinal blood flow for glaucomatous participants
compared to healthy controls using the en face Doppler OCT with intra-visit repeatability was
approximately 8% for both groups [91]. Although appropriate for large vessels around ONH,
Doppler OCT is not sensitive enough to accurately measure the low velocities of small vessels
[37].

As an emerging method for measuring local circulation using high-speed OCT, the OCT
angiography of ONH or macular area can be quantified using the Split-Spectrum Amplitude-
Decorrelation Angiography (SSADA) algorithm as FI, and the FI already showed higher intra
visit repeatability and intervisit reproducibility (Figure 3) [39,40]. FI was defined as the average
decorrelation value within any interesting retinal area, such as ONH, and parafoveal area. Due to
the non-linear relationship between decorrelation and flow velocity, the FI primarily measured
the area of the large vessels and the area (or vessel density) and velocity of the capillaries [39].
Yali et al. found that the microvascular network was visibly attenuated and that the disc FI was
significantly reduced in approximately 25% in patients with glaucoma compared with normal
group [71]. Recently, Liu et al. reported that peripapillary FI and prepapillary vessel density in
glaucoma were significantly lower than those in healthy control eyes with high repeatability
and reproducibility and that these indices were highly correlated with the VF pattern standard

deviation in glaucomatous eyes [92].
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Figure 3: Whole depth Optical Coherence Tomography (OCT) angiograms (A, D, and en face
Maximum projection), en face OCT reflectance (B and E), cross-sectional OCT reflectance (C
and F) Of Optic Nerve Head (ONH) in the right eye of a normal eye (panels A, B, and C) and the
left eye of a perimetric glaucomatous eye (panels D, E, and F). A dense micro vascular network
was visible on the OCT angiogram of the normal ONH (A). This micro vascular network was
considerably attenuated in the glaucomatous ONH (D). A larger cup/disc ratio was visible on the
en face OCT reflectance of the glaucomatous eye (E) than that of the normal eye (B). A larger,
deeper cupping of the ONH was demonstrated on the cross-sectional OCT reflectance of the

glaucomatous eye (F) than that of the normal eye (C).

CONCLUSIONS

Commercial time-domain AS-OCT allows noncontact cross-sectional visualization of the
anterior chamber and ACA for the first time. Using internal ACA-related software, AS-OCT can
quickly evaluate potential blockage of the filtration angle. Moreover, previous studies have shown
that many OCT angle parameters, such as AOD 500/750, ARA 500/750, and TISA 500/750,
demonstrated good reproducibility and that they all correlated well with gonioscopy in the

assessment of closed angles.

High-speed posterior segment OCT allows non-invasive visualization and quantification of
both structural and functional information of the retina. Quantitatively, the structural parameters
(RNFL thickness, macular thickness, CT, GCC, LC depth and displacement) and functional
parameters (total retinal blood flow, FI, and vessel density) can realize vital assessment of the

retina for glaucomatous damage, especially for the clinical follow-up post-operation/medicine.
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Our preliminary studies and other studies have demonstrated that the majority of these
parameters were highly repeatable and reproducible. Moreover, most of them correlated well

with VF defects in the detection of glaucomatous damage.

The commercial availability of high-speed anterior and posterior segment OCT systems will
allow more ophthalmologists to manage patients and perform research using this new imaging
technology. The reliable, quantitative, angle measurements and retinal parameters might
eventually allow clinicians to precisely evaluate the risk of acute and chronic glaucomatous

damage and better manage these diseases that might potentially cause blindness.
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