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This special issue was meant to demonstrate new areas of
interest for the anterior segment imaging techniques as high-
frequency ultrasound and anterior segment optical coherence
tomography (OCT).

OCT is a rapidly developing technology that brought to
the clinical practice high definition images of the anterior
segment, including angle, providing corneal pachymetry
maps and anterior chamber internalmeasurements, real-time
images not needing a contact to the eye. This special issue
brings novel applications for theOCT technology as aid in fit-
ting prosthetic devices to treat corneal diseases, its utilization
in pediatric ophthalmology, and papers evaluating glaucoma
patients with AS-OCT and allowing the measurement of
angle and the evaluation of the patency of a aqueous tube
shunt.

In corneal procedures, OCT plays an important role as an
easy and effective imaging technique, allowing the measure-
ment of corneal scar thickness to plan for surgical procedures,
providing the overall thicknessmapping the areas of thinning
or thickening and evaluating surgical procedures.

Authors suggested that limitations to the OCT technol-
ogy include highly pigmented, thick, and deeply located
lesions. The comparison of OCT and high-frequency ultra-
sound in anterior segment tumors pointed out that OCT is
not able to evaluate the entire thickness of a lesion presented
as solidmelanocytic iris or ciliary body lesion and solid-cystic
iris lesion (Bianciotto C et al., 2011), due to light attenuation,

impeding the evaluation of anatomical relationship to adja-
cent structures and a correct measurement.

Considering superficial lesions as conjunctival nevi and
squamous cell carcinomas, light attenuation can impede the
evaluation of the whole thickness with anterior segmentOCT
and impede the evaluation of a scleral invasion (Shields C
et al., 2011).

In the cases where AS-OCT cannot be utilized or does not
provide adequate evaluation of the lesion and adjacent struc-
tures, ultrasound biomicroscopy (UBM) or high-frequency
ultrasound (HFU) is indicated. There are cases in which
both technologies do not allow evaluation, such as lesions
containing high density of keratin or calcium.

Norma Allemann
D. Jackson Coleman
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Purpose. To assess optical coherence tomography (OCT) for guiding design and fit of a prosthetic device for corneal disease.
Methods. A prototype time domain OCT scanner was used to image the anterior segment of patients fitted with large diameter
(18.5–20 mm) prosthetic devices for corneal disease. OCT images were processed and analyzed to characterize corneal diameter,
corneal sagittal height, scleral sagittal height, scleral toricity, and alignment of device. Within-subject variance of OCT-measured
parameters was evaluated. OCT-measured parameters were compared with device parameters for each eye fitted. OCT image
correspondence with ocular alignment and clinical fit was assessed. Results. Six eyes in 5 patients were studied. OCT measurement
of corneal diameter (coefficient of variation, CV = 0.76%), cornea sagittal height (CV = 2.06%), and scleral sagittal height
(CV = 3.39%) is highly repeatable within each subject. OCT image-derived measurements reveal strong correlation between
corneal sagittal height and device corneal height (r = 0.975) and modest correlation between scleral and on-eye device toricity
(r = 0.581). Qualitative assessment of a fitted device on OCT montages reveals correspondence with slit lamp images and clinical
assessment of fit. Conclusions. OCT imaging of the anterior segment is suitable for custom design and fit of large diameter (18.5–
20 mm) prosthetic devices used in the treatment of corneal disease.

1. Introduction

Prosthetic Replacement of the Ocular Surface Ecosystem
(PROSE) treatment is an evolving approach to complex
corneal disease developed at Boston Foundation for Sight
(Needham, MA, USA) [1, 2]. PROSE treatment uses FDA-
approved, custom designed, rigid gas-permeable prosthetic
devices that vault the cornea and rest entirely on the sclera. A
PROSE device is filled with sterile saline prior to application
to the eye (Figure 1). A customized PROSE device restores
function to the entire ocular surface system by creating
a transparent, smooth optical surface over the irregular,
damaged or diseased cornea, by establishing an expanded
oxygenated tear reservoir, and by protecting the corneal
surface from adverse effects of the environment and lid
abnormalities. A PROSE device is characterized by a central
optic zone, a transitional zone, and a peripheral haptic zone

(Figure 2). The optic zone and the transitional zone can
be customized to neutralize refractive error and address
anatomic anomalies of the corneal topography, respectively.
The contours of the haptic zone can be specified sepa-
rately for “fit” based on clinical criteria. The mathematical
description of these contours is specified by software that
utilizes spline functions and is integral to the Design to Fit
(DTF) web-based CAD/CAM system (Figure 3) that links
the clinician who custom designs and fits these devices to a
manufacturing lathe. The spline-controlled zones allow for
the vault of the device to be specified independent of the base
curve of the optic zone. It is this design flexibility and the very
high degree of customization of a PROSE device compared
with a conventional scleral lens that ensures ability to achieve
good fit and high level of prosthetic function [3, 4].

Two additional critical design features of a PROSE device
are that it does not touch the cornea and that there is
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Figure 1: A PROSE device being filled with sterile saline solution.

virtually no movement of the weight-bearing haptic on the
sclera. The latter is accomplished by precise alignment with
the sclera. Current practice for PROSE treatment is that of
the “diagnostic” (versus “empiric”) approach to contact lens
fitting. In the “diagnostic” approach to contact lens fitting, a
trial device is placed on the eye, and subsequent modification
of lens parameters is based on clinical observation. This
approach differs from the “empiric” approach of contact
lens fitting, used typically for RGP corneal contact lens
fitting, in which a parameter of an initial trial lens is
selected empirically to be steeper than K, with K referring to
keratometry reading or a simulated value taken from video-
keratography.

In PROSE treatment, the fit of a trial device is based on
clinical assessment of numerous parameters over increasing
time intervals. An apparently inadequate device is removed
immediately after application and assessment. A satisfactory
device is reassessed after 1 hour, 3 hours, and then 6 hours,
at which time specific parameters are modified by selection
of another device from an inventory of trial devices or by
design and manufacture of a more appropriate device. The
assessment has begun again. Optics are customized based
on overrefraction and incorporated into the front surface of
any device cut de novo. This iterative, custom design process
is resource-intensive, requiring trial and/or production of
numerous devices per eye. The fitting process combined
with training the patient in device application and removal
requires typically 4–10 days in the clinician’s office with visits
spread out over time based on proximity to the single site
of manufacturing, and on patient and clinician scheduling
preferences. Although PROSE treatment is cost-effective by
contemporary standards [5], the resources required limit
wider utilization and wider therapeutic impact.

OCT is a noncontact imaging technology that provides
detailed cross-sectional images of internal structures in
biological tissues [6]. High-resolution OCT of the anterior
segment of the eye can provide data on the shape of the sclera

Liquid reservoir

Optic zone

Transitional zone

Haptic zone

C
ornea

Sclera

Figure 2: Schematic diagram of a PROSE device fitted to an eye
with corneal ectasia.

which is not available via keratometry or videokeratography,
and the morphometric tools are typically used to fit corneal
contact lenses [7]. These technologies require specular
reflection and have been shown not to correlate with fit
of scleral lens [8]. There is a report on the use of OCT
to fit scleral lenses but contour analysis was limited to
15 mm diameter and the diameter of the lenses fitted was
not reported [9]. Corneoscleral topography as evaluated by
OCT has been shown to provide insight into soft contact
lens fit dynamics [10], but relevance to PROSE treatment is
limited. By definition, fit of a PROSE device is not dynamic;
furthermore soft contact lenses are typically diameter of 13–
15 mm, whereas PROSE devices range from 17.5 to 24 mm
diameter.

The objective of this pilot study was to investigate if OCT
image-derived measurements of the cornea and sclera out
to 17 mm correlate with parameters of fit for patients fitted
with a PROSE device (18.5–20 mm) using a time domain
OCT prototype. Once such correlation is established, further
protocols for image-guided design and fit can be developed,
with the goal of reducing resources required to customize a
device for each eye.

2. Methods

2.1. Study Design. This clinical prospective study was con-
ducted at Boston Foundation for Sight in Needham, MA,
USA. The research protocol was approved by the New
England Institutional Review Board and was performed
in accordance with the Declaration of Helsinki. Written
informed consent was obtained from each subject after
explanation of the nature and possible consequences of the
study.
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Figure 3: (a) Schematic diagram of a PROSE device illustrating how transitional zone is used to allow for vault independent of base curve.
(b) Screen shot of the CAD/CAM system used for PROSE device customization.

2.2. Study Population. Subjects were recruited from patients
undergoing fitting of a PROSE device at Boston Foundation
for Sight, or patients previously fitted returning for a
routinely scheduled visit. PROSE devices of 18.5–20 mm
diameter were fitted according to the standard iterative
approach using trial devices and custom modification of
device contours based on clinical findings.

2.3. OCT Imaging. A prototype time domain 1310 nm
wavelength anterior segment OCT scanner (Optovue, Inc.,
Freemont, CA) which operates at 2000 axial scans per
second and axial resolution of 17 µm was used to image
the anterior segment of 6 eyes in 5 patients. OCT imaging
using a combination of radial and circular scans in primary
and deviated gaze was obtained of each eye before and
while wearing a fitted PROSE device. Manual lid retraction
was required during image acquisition. Three scans were
obtained during each session.

2.4. Slit Lamp Imaging. Slit lamp photographs of each eye
in a fitted device were taken to document device orientation
and clinical features of fit.

2.5. Analysis of OCT Measurements. OCT image processing
software was developed to de-warp scans (Figure 4(a))
and to generate elevation profiles (Figure 4(b)). Ultrawide
montages were created incorporating scans taken in extremes
of gaze (Figure 4(c)). These were analyzed to obtain mea-
surements of corneal diameter, corneal sagittal height, scleral
sagittal height, and scleral toricity at the cardinal axes. As
shown in Figure 4(b), corneal diameter is defined as the
distance between the scleral spurs in the OCT image derived
from scans along the horizontal and vertical meridians.
Corneal sagittal height is defined as the perpendicular
distance from corneal apex to the chord of corneal diameter.
Device corneal height is defined as the perpendicular distance
from the on-eye device posterior surface to the chord of

corneal diameter. Scleral sagittal height is defined as the
perpendicular distance from a 17 mm chord, parallel to the
corneal apex, to the sclera. Device sagittal height is defined as
the perpendicular distance from a 17 mm chord to the device
posterior surface, extracted from device profiles specified by
DTF. Scleral toricity is defined as the difference in average
scleral sagittal height between the horizontal (0◦ & 90◦) and
vertical (90◦ & 270◦) meridians. Device toricity is defined as
the difference in average device sagittal height between the
horizontal (0◦ & 90◦) and vertical (90◦ & 270◦) meridians,
extracted from device profiles specified by DTF. The device
sagittal heights were adjusted for rotation observed clinically
(Figure 5).

2.6. Statistical Analysis. Pooled standard deviation of repeat
measurements was used to evaluate repeatability. Paired t-
test and Bland-Altman plots [11] were used to evaluate the
agreement between OCT measurements and device parame-
ters. Statistical analysis was performed using Microsoft Excel.

3. Results

3.1. Patient Characteristics. Six eyes of 5 subjects were
enrolled and completed the study. The average age of subjects
was 55 (range: 49–61) and the sample comprised 2 males and
3 females. Four out of 5 subjects had primary diagnosis of
keratoconus, the remaining subject had dry eye syndrome.
One eye was fit with a device having a rotationally symmetric
haptic; the others required customized asymmetric haptic
types represented diagrammatically in Figure 6. Devices were
ranged from 18.5 to 20 mm diameter. Characteristics of
device fitted for each eye studied are presented in Table 1.

3.2. Within-Subject Variance of OCT-Measured Parame-
ters. We evaluated the reliability of the measurement of
the OCT scanner by assessing within-subject variance of
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Figure 4: (a) OCT scans before and after dewarping. (b) A normal cornea imaged with a time-domain anterior segment OCT system. The
image dimension is 18 mm and consists of 256 axial scans acquired in 0.128 second. (c) Vertical scan with lid artifact (red arrows) and
montage of images obtained in deviated gaze to create image of entire anterior globe contour absent lid artifact.

(a) (b)

Figure 5: Slit lamp photos showing device orientation used to define sampling axis of device profile to test for correlation with scleral toricity
derived from OCT image. (a) Eye #3: 0 degrees of rotation. (b) Eye #6: 30 degrees of rotation.

Table 1: Characteristics of PROSE devices.

Device diameter (mm) Haptic type

Subject 1 Eye #1 20 Spherical

Subject 2 Eye #2 18.5 Toric

Subject 3 Eye #3 18.5 Toric

Subject 3 Eye #4 18.5 3-profile

Subject 4 Eye #5 19.5 3-profile

Subject 5 Eye #6 18.5 4-profile

OCT-measured corneal diameter, corneal sagittal height,
scleral sagittal height, and scleral toricity. The mean value,
pooled standard deviation, and coefficient of variation for
each of the anterior segment dimensions are presented in
Table 2. Within each subject, OCT measurement of corneal

diameter, corneal sagittal height, and scleral sagittal height
are highly repeatable.

3.3. Correlation between Corneal Sagittal Height and Device
Corneal Height. Corneal sagittal height was measured from
an OCT image of the eye not wearing a device. Device corneal
height was measured from an image of the eye wearing a
device. The interclass correlation coefficient was 0.975 and
the 95% confidence interval is 0.959–0.991. The agreement
between corneal sagittal height and device corneal height is
shown in Figure 7.

3.4. Correlation between Scleral and Device Toricity. Scleral
toricity was measured from OCT image of each eye. Device
toricity was calculated based on DTF design parameters
adjusted for the clinically observed rotation. The interclass
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Figure 6: Diagrammatic representation of various radially symmetric and asymmetric haptic types. Each color represents a unique contour.
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Figure 7: Bland-Altman plot of the correlation between OCT-measured corneal sagittal height and device corneal height.

Table 2: Within-subject variance of OCT-measured parameters.

Mean Pooled SD CV

Corneal diameter (mm) 13.09 0.10 0.76%

Corneal sagittal height (mm) 3.27 0.07 2.06%

Scleral sagittal height (mm) 5.14 0.17 3.39%

Scleral toricity (mm) 0.156 0.087 —

correlation coefficient was 0.581 with a 95% confidence
interval of 0.436–0.726. A scatter plot shows the relationship
between scleral toricity and device toricity (Figure 8). The
straight line represents perfect correlation. Notice that values
for Eye #5 and Eye #6 are most deviated from expected values.
The differences could be due to unsatisfactory features of fit
such as “haptic compression” or “edge lift,” and/or failure to
accurately adjust for device rotation on the eye.

3.5. Qualitative Correlation between OCT Image and Satis-
factory and Unsatisfactory Haptic Fit. Subjective assessment
of fitted devices on OCT images revealed correspondence
with slit lamp images revealing satisfactory alignment of the
haptic over the limbus and sclera. Features of unsatisfactory
fit, such as edge lift and compression, could also be detected
on OCT images. Analysis of correlation between scleral
and device toricity for Eye #6 suggests edge lift at the
horizontal meridian and/or compression at the vertical
meridian (Figure 8). Slit lamp photograph and horizontal
OCT montage suggest edge lift nasally, thereby confirming
the image-derived analysis (Figure 9). Similar agreement was

observed in Eye #5 between the slit lamp photograph and
OCT image.

4. Discussion

PROSE devices are currently fitted using a diagnostic
approach, with clinician’s choice of a first lens based not on
specific measurement, but on a subjective clinical assessment
of the diameter and vault likely to be required. Refinement of
contours is then carried out in an iterative process in which
incremental changes are sequentially evaluated on the eye.
The resources required to custom design and fit these devices
are an impediment to wider utilization. Image-guided fitting
could be an important step toward an automated approach
to customization of these devices, leading to a more efficient
fit, a better fit, or both. Images could form a basis for empiric,
diagnostic, or combination approaches to design and fitting.
The advances developed for PROSE treatment have potential
to extend to contact lens fitting in general, to the fitting of
large diameter contact lenses, and to the design of other
ophthalmic medical devices that bear anatomic relation to
the anterior segment of the eye.

This pilot study, using objective and quantitative assess-
ment of agreement between OCT-derived measurements of
the cornea and sclera, and parameters of a fitted PROSE
device, demonstrates that high-resolution anterior segment
OCT can provide profiles and indices useful for the custom
design and fit of a large diameter prosthetic device for
corneal disease. This pilot study reveals high repeatability
of OCT measurement of anterior segment dimensions,
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Figure 9: Horizontal montage (TD-OCT) and slit lamp photographs of Eye #6. Green arrow indicates satisfactory fit temporally with
correlating slit lamp image below; red arrow points to edge lift which is marked by shadow just peripheral to the nasal edge of the haptic in
the slit lamp image below.

strong correlation between corneal sagittal height and device
corneal height (r = 0.975), and some correlation between
scleral toricity and device toricity (r = 0.581) in this small
sample. Furthermore, qualitative assessment of the fitted
devices on OCT montages revealed correspondence with
clinical assessment and slit lamp images of haptic fit in
pathological eyes. These findings support the hypothesis
that OCT is suitable to guide the design and fit of a
prosthetic device for treatment of corneal disease. We found
only modest correlation between scleral toricity and device
toricity; this may be due to inconsistencies in operator-
dependent image acquisition, rotational movement of device
on eye, failure to accurately adjust for device rotation, and
variations in fit. Our sample size was small, further limiting
statistical power to detect correlation of scleral and device
toricity.

Another limitation of this study is that the OCT scanner
used in this study was a time-domain prototype, limited in
both spatial resolution and acquisition speed. The accuracy
of OCT imaging is limited by eye movements during scan,

which may lead to error in image-derived measurements.
Fourier-domain (FD-OCT), which allows for better image
quality and higher imaging speed in comparison to time-
domain (TD-OCT), [12, 13] should improve the accuracy
of measurements. While PROSE devices studied here were of
diameter 18.5–20 mm, our OCT measurement was limited
to 17 mm with the system used in this study. A wider scan,
currently in development, will allow gathering more data
relevant to the fit of the haptic and may eliminate the need
for the use of montages

A constraint we encountered was that the superior and
inferior limbus and sclera are covered by the eyelids in
primary gaze. Our solution was to create montages of
images acquired in deviated gaze. Globe contour may vary
with action of the extraocular muscles introducing error, as
may the creation of montages. The use of a lid speculum
is an alternative that we explored; subjects found this
uncomfortable despite the use of topical anesthetic and trial
of various speculum sizes and designs, preferring manual lid
retraction, furthermore the superior limbus was not always



Journal of Ophthalmology 7

adequately exposed with the speculum. A wider scan will not
eliminate the obscuration of superior and inferior contours
by the lids. It may be that systems for standard lid retraction,
for creation of montages for analysis, and for interpretation
of findings on deviated gaze will remain important.

This pilot study represents an initial investigation of the
suitability of an OCT derived image-guided approach to
the design and fit of a prosthetic device for treatment of
corneal disease. This study, limited by sample size, finds that
the fit of a PROSE device correlates modestly with globe
surface contours detected by OCT. In theory, data on corneal,
limbal and scleral contours could be “plugged into” the
CAD-CAM platform on which PROSE devices are designed,
streamlining or bypassing the diagnostic, iterative process by
which device and scleral contours are matched in the current
customization process. OCT could provide an empiric
shortcut to fitting. Despite the resource requirements that
are an impediment to wider adoption, PROSE treatment is
available at 11 centers in the United States and 4 world-
wide (October 2012, http://www.bostonsight.org/). We look
forward to developing algorithms for the automated image-
guided custom design of prosthetic devices for treatment of
corneal disease and to generating new clinical protocols for
the assessment of fit of these devices, adding image-based
elements to the existing clinician and patient-based elements.
We anticipate that the advances presented in this pilot study
will lead to wider adoption of PROSE treatment in the care
of patients with complex corneal disease.
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Purpose. To evaluate intraobserver and interobserver agreement in locating the scleral spur landmark (SSL) and anterior chamber
angle measurements obtained using Fourier Domain Anterior Segment Optical Coherence Tomography (ASOCT) images.
Methods. Two independent, masked observers (SR and AZC) identified SSLs on ASOCT images from 31 eyes with open and
nonopen angles. A third independent reader, NPB, adjudicated SSL placement if identifications differed by more than 80 μm.
Nine months later, SR reidentified SSLs. Intraobserver and interobserver agreement in SSL placement, trabecular-iris space area
(TISA750), and angle opening distance (AOD750) were calculated. Results. In 84% of quadrants, SR’s SSL placements during
2 sessions were within 80 μm in both the X- and Y-axes, and in 77% of quadrants, SR and AZC were within 80 μm in both
axes. In adjudicated images, 90% of all quadrants were within 80 μm, 88% in nonopen-angle eyes, and 92% in open-angle
eyes. The intraobserver and interobserver correlation coefficients (with and without adjudication) were above 0.9 for TISA750
and AOD750 for all quadrants. Conclusions. Reproducible identification of the SSL from images obtained with FD-ASOCT is
possible. The ability to identify the SSL allows reproducible measurement of the anterior chamber angle using TISA750 and
AOD750.

1. Introduction

Visualization of the anterior chamber angle and an assess-
ment of the angle width are essential for the diagnosis and
management of primary angle closure (PAC). Gonioscopy
can be used to visualize the angle structures qualitatively;

however, quantification of measurements is unreliable [1],
since results rely on the physician’s subjective assessment [2].
Despite these limitations, the clinical utility of gonioscopy in
caring for glaucoma patients has been well documented and
has been recommended to be a part of the evaluation of every
glaucoma patient [3]. In recent years, several instruments,
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including anterior segment optical coherence tomography
(ASOCT), have been designed to rapidly image and measure
the anterior chamber angle [2, 4–9].

Trabecular-iris space area (TISA) and angle opening
distance (AOD) are 2 measurements that are commonly
used to quantify the anterior chamber angle [10, 11].
These measurements depend upon reliable and reproducible
identification of a landmark, which is typically identified
as the scleral spur. The actual structure being identified
as a landmark is generally unimportant, only that it
is reproducible so that changes in anatomy that would
occur after lens extraction or peripheral iridotomy can
be quantitated. Current technological limitations require
that the location of the landmark be determined manually,
introducing measurement error. It has been reported that
inconsistency in scleral spur identification accounts for 50%
of TISA variability [12]. A reproducible method for scleral
spur placement would be useful for measuring treatment
effect in PAC.

Several previous studies using ASOCT to measure the
anterior chamber angle have shown that interobserver and
intervisit measurements of the nasal and temporal quadrants
are more reproducible than measurements of the superior
and inferior angles [7, 13, 14]. Furthermore, measurements
of eyes with narrow or closed angles are less reproducible
than those obtained in eyes with open angles [12].

The Casia SS-1000 Fourier Domain- (FD-) ASOCT
(Tomey Corporation, Nagoya, Japan) is a newly devel-
oped ASOCT, which uses Fourier domain swept-source
technology resulting in a substantial improvement in scan
speed (30,000 A-scans per second) when compared to
the Visante ASOCT (2,000 A-scans per second; Carl Zeiss
Meditec, Inc., Dublin, CA). There are other FD-ASOCT
devices that can image the anterior chamber angle; however,
because of its scan speed and swept source design, the
Casia SS-1000 can image the anterior chamber angle in
high resolution and in a wavelength that allows visu-
alization of the angle recess. All current multipurpose
commercially available FD-ASOCTs capable of measur-
ing the anterior chamber angle use wavelengths which
do not allow consistent clear visualization of the angle
recess.

Liu et al. showed that intervisit-intraobserver and
intravisit-interobserver reproducibility were excellent in 30
normal eyes using the Casia SS-1000. The factors affecting
the variability of TISA750 were mean TISA750, inferior
and superior quadrants, while the variability in AOD750
was correlated with mean AOD750 as well as mean and
variability of iris thickness [15]. Fukuda et al. attempted
to compare the reproducibility between Casia SS-1000 with
the Scheimpflug analyzer in both open- and nonopen-
angle eyes [16]; however, they compared anterior cham-
ber volume and did not focus on angle measurements,
TISA750 and AOD750. To the best of our knowledge,
there is no study evaluating whether the high-resolution
images from the swept source Casia SS-1000 translate into
improved reproducibility of identifying the scleral spur
when performing angle measurements in nonopen-angle
eyes.

The primary aim of this study is to evaluate intraobserver
and interobserver agreement in locating the scleral spur
landmark (SSL) in both open- and nonopen-angle eyes and
the reproducibility of anterior chamber angle measurements
(AOD and TISA) from ASOCT images obtained using the
swept-source FD-ASOCT (Casia SS-1000).

2. Methods

This prospective selected cohort study was conducted at
the Robert Cizik Eye Clinic of the Ruiz Department of
Ophthalmology and Visual Science at The University of Texas
Medical School at Houston (part of UTHealth), Houston,
TX. Institutional Review Board approval was obtained from
The University of Texas Health Science Center Committee
for the Protection of Human Subjects, and the University
of California at San Francisco determined that IRB approval
was not needed because only deidentified data was being
used by those investigators. All research adhered to the
tenets of the Declaration of Helsinki and was HIPAA
compliant.

2.1. Participants. Participants 18 years of age or older were
recruited from patients and staff at the Robert Cizik Eye
Clinic. Informed consent was obtained from the participants
after explanation of the nature and possible consequences of
the study. After obtaining informed consent, demographic
data were recorded, and participants underwent slit lamp
examination and intraocular pressure (IOP) measurement,
followed by gonioscopy examination performed by one of
the glaucoma specialists (RMF or NPB) using a Posner
goniolens without compression under minimum ambient
lighting conditions. Eyes with any previous laser or intraocu-
lar surgery or any anterior segment abnormality that affected
the angle or its measurements (i.e., significant corneal
opacity) were excluded. Gonioscopy was used to stratify the
angle anatomy into 1 of 2 groups: open angle (Shaffer score
3-4 for all 4 quadrants) and nonopen angle (Shaffer score 0-
1 in at least one quadrant). Eyes having a Shaffer score of
2 were excluded to enhance separation between the groups.
Thirty-one participants met eligibility criteria. When both
eyes of the participant were eligible, one eye was randomly
selected.

2.2. ASOCT Imaging. The Casia SS-1000 FD-ASOCT, a
swept-source FD-ASOCT, uses 1,310 nm wavelength light
with scan speed of 30,000 A-scans per second to image the
anterior chamber, including the angle recess. Images can be
obtained in high-resolution 2D mode (2048 A-scans each,
1 pixel = 7.9μm×10.0μm) with both horizontal and vertical
plane scans simultaneously in 0.2 seconds. All radial scans
taken are 16 mm in length and 6 mm in depth.

2.3. Acquisition of ASOCT Images. All participants had their
angles imaged in a dark room by 2 operators. One opened
the participant’s eyelids while the other operated the ASOCT.
For the operator opening the participant’s eyelids, both index
fingers were placed at the eyelid margins and the eyelids
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separated to allow visualization of the superior and inferior
limbus. Pressure from the index fingers was directed to the
superior and inferior orbital rims to avoid pressure on the
globe. Participants were instructed to focus on the internal
fixation light. After adjusting the participant’s position, eyes
were scanned in 2D mode using the autoalignment function.

2.4. Analysis of ASOCT Images

2.4.1. Image Analysis Software. The limited capabilities of
the Casia SS-1000 FD-ASOCT built-in software prompted
the development of customized software, Anterior Cham-
ber Angle and Interpretation (ACAI), which is specifically
designed to measure the anterior chamber angle quanti-
tatively from ASOCT images and requires only manual
placement of the SSL. With the ACAI software, unlike the
built-in Casia software, the images can be edited and saved
with edge detection as necessary for manual resolution
of inaccurate interface determination (See Supplementary
Figure 1 in Supplementary Material available online at
doi:10.1155/2012/487309).

2.4.2. Criteria for Identifying SSL. The criteria for identifying
the SSL were as follows.

(1) The point where there was a change in curvature in
the corneoscleral-aqueous interface, often appearing
as an inward protrusion of the sclera (Figure 1(a))
[9].

(2) If the SSL based on criterion 1 was not clearly visible,
the observers were instructed to mark the most poste-
rior end of the trabecular meshwork on the posterior
corneoscleral-aqueous interface (Figure 1(b)) in a
manner similar to the methods of Usui et al. [17].

While the SSL placement in this study resembles and is in
proximity to the true scleral spur, the SSL was meant to be
an independent landmark determined by the preset criteria
above and not necessarily the true position of the scleral spur.

2.4.3. Training and Reading Procedure. A nonexpert observer
(AZC) with limited knowledge of ocular anatomy was
trained to identify the SSL by a glaucoma specialist (RMF)
at the Robert Cizik Eye Clinic using a training set of 10
images. For the study, all images were read by 2 observers,
who identified both SSLs on each image independently. One
was a glaucoma specialist (SR) with extensive experience
analyzing ASOCT images [11, 14] and the other was the
trained nonexpert (AZC). The images were reread 9 months
later by SR for assessing intraobserver agreement. These
images were also graded for visibility of the SSL based on
criterion 1 (0 = not visible, 1 = visible). When the observers
reviewed the images, they recorded the pixel coordinates of
each SSL. The origin of the pixel coordinates was located at
the center of the image and rescaled into micrometer (μm)
units, 1 pixel = 7.9μm× 10.0μm.

2.5. Calculation of Angle Parameters. Using these SSL loca-
tions, AOD750 and TISA750 were calculated. AOD750 is

defined as the length of a line drawn perpendicular to
the cornea starting 750 μm anterior to the SSL and ending
on the anterior surface of the iris. TISA750 is the area
bordered centrally by the AOD750 line, anteriorly by the
posterior corneoscleral-aqueous interface, and posteriorly
by the anterior surface of the iris. The peripheral border
is a line segment starting at the SSL perpendicular to the
corneoscleral-aqueous interface and ending on the anterior
surface of the iris (Figure 1(a)).

2.6. Adjudication and Threshold. When the SSL locations
differed by 80 μm (approximately 20% of the length of TM
[17]) or more in either length (X-axis) or in depth (Y-axis)
by the 2 observers, the images were sent for adjudication
by a third masked observer (NPB, a glaucoma specialist).
Since the precision of the SSL location has an impact
on the angle measurements, TISA750 and AOD750, the
predetermined threshold, 80 μm (0.08 mm), for adjudication
was determined by the following facts.

(1) TISA750 is a roughly trapezoidal area with the
AOD750 as the long side (Figure 2).

(2) If the SSL placements differ by hmm (distance
between SSL and SSL′ in Figure 2), the TISA750
is approximately different by h × AOD750 mm2

in narrow or closed angles (Figure 2(a) grey area)
because the TISA750 based on SSL′ including the
grey and red areas but not the green area. Both the
green and red areas are small and approximately the
same size (Figure 2) [15].

(3) The mean AOD750 in narrow angles was described
in Console et al. [12] and estimated to be 0.161 mm.

(4) See et al. reported that after laser peripheral irido-
tomy, TISA750 was increased 0.05 mm2 with 95%
confidence intervals of 0.03 and 0.07 mm2; AOD750
was not reported [18].

Thus, in order to obtain a measurement error less than
0.03 mm2 in TISA750 (lower confidence limit for changing
TISA750 after peripheral iridotomy) in narrow angles [18],
the threshold, h, should be less than or equal to 0.09 mm
(= [0.03/0.161]/1.96). For convenience and consistency, the
0.08 mm threshold was selected because it is less than
0.09 mm and corresponds to 10 pixels in the X-axis, with the
same threshold for the Y-axis, even though TISA750 is less
affected by errors in the Y-axis.

2.7. Statistical Analysis. Demographics were summarized by
mean and standard deviation (SD) for continuous variables
or by frequency (%) for discrete variables. Differences
between measurements (sessions or observers) were calcu-
lated for both the X- and Y-axes. Intraobserver agreement
was calculated for the glaucoma specialist (SR) identifying
the SSL in 2 sessions. Interobserver agreement was calculated
using 2 observers (nonexpert and glaucoma specialist SR) for
all measurements. Interobserver agreement was recalculated
using the final pair of locations identified by 2 glaucoma
specialists (SR and NPB), when the initial 2 observations
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(a) (b)

Figure 1: Anterior chamber angle measurements and scleral spur landmark (SSL). Illustrations are angle opening distance (AOD) and
trabecular-iris space area (TISA) for an (a) open angle and (b) nonopen angle. AOD is defined as the length of a line drawn perpendicular to
the cornea anterior to the SSL and ending on the anterior surface of the iris. TISA is the area bordered centrally by the AOD line, anteriorly
by the posterior corneoscleral-aqueous interface, and posteriorly by the anterior surface of the iris. The peripheral border is a line segment
starting at the SSL perpendicular to the corneoscleral-aqueous interface and ending on the anterior surface of the iris.

SSL

SSL

(a)

SSL

SSL

(b)

Figure 2: Effect of scleral spur landmark (SSL) location on TISA750 and AOD750. Illustrations show the impact of SSL location on
trabecular-iris space area at 750 μm (TISA750) and angle opening distance at 750 μm (AOD750) calculations for nonopen-angle eyes (a)
and open-angle eyes (b). If the SSL location is moved by h to SSL′ location, TISA750, now based on SSL′, gains the grey area and red area
and loses the green area. Both the green area and red area are small relative to the grey area, especially in nonopen-angle eyes (a). In addition,
the difference between the green and red areas are negligible (gain red and lose green). Thus, when SSL is moved to SSL′, TISA750 is changed
by h × AOD750 based on SSL (longer blue line). The SSL location’s impact on AOD750 is dependent on angle width and iris shape (the
length of the anterior border of red area). The AOD750 changes are smaller if the angle is nonopen and the iris is straightener.

were greater than 80 μm apart. The percentages of these
differences within 80 μm were computed for intraobserver,
interobserver without adjudication, and interobserver with
adjudication. In addition, intraobserver and interobserver
agreement were evaluated using the mean (bias) and stan-
dard deviation of these differences as well as 95% limits of
agreement (bias± 1.96× SD).

The sample size calculation was based on the precision,
standard error of estimated percentage that 2 observers
identified the SSL within 80 μm, and the standard error of
the agreement limits on the Bland-Altman plot. In addition,
the SSL X- and Y-coordinates will vary depending on where
on the Cartesian plane the imaged eye falls. Because the eye
is not perfectly round and is often imaged in a slightly tilted
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position, especially in the horizontal cross-section, the SSL
locations within an eye are not correlated. A sample size of
124 angles from 31 eyes would provide the standard error of
estimated percentage less than 4.5% (= √(0.5× 0.5)/124). In
addition, based on Console et al. [12], the standard deviation
of difference, σd, is approximately 2.6 pixels (or 70.2 μm), and
the sample size of 124 angles would provide the standard

error of the agreement limits to be 11 μm (=
√

3(70.22/124)).
The averages and differences between pairs of TISA750

obtained by the glaucoma specialist (SR) in 2 different
sessions as well as 2 observers with and without adjudi-
cation were calculated. The mean (±SD) differences were
computed. The agreement of TISA750 was also evaluated
with Bland-Altman plots. Similarly, the AOD750 agree-
ment was evaluated using the same statistical methods. In
addition, a random intercept model was used to calculate
the intraclass correlation coefficient (ICC) as a measure
of intraobserver and interobserver reproducibilities for
TISA750 and AOD750. An ICC ≤ 0.4 was defined as poor
reproducibility, between 0.4 and 0.75 was defined as fair
to good reproducibility, and ≥0.75 was defined as excellent
reproducibility [14].

The observed difference (both intra- and interobserver)
as a proportion of the standard deviation for TISA750 and
AOD750 were computed. There are 2 standard deviations,
one is the standard deviation of paired observed differences
(within angle same angle, multiple readings, denoted as SDd)
and the other is the total variability of TISA750 or AOD750
including within and total variation (denoted as SDTISA and
SDAOD).

Due to the potential correlations between the angle
measurements obtained for an individual eye, the secondary
analyses conducted used a mixed-effect model for comparing
the means between groups and between horizontal and
vertical scans and used a generalized estimating equation
(GEE) with logit link comparing the percentages. Finally,
the impact of SSL location on TISA750 and AOD750 was
evaluated by estimating the changes in TISA750 and in
AOD750 when the SSL distance (without adjudication)
increased by 10 μm using mixed-effect models.

All statistical analyses were performed using SAS for
Windows v9.2 (SAS, Inc., Cary, NC). P < 0.05 was considered
statistically significant for all comparisons.

3. Results

A total of 31 eyes of 31 consecutive qualifying subjects,
classified as open angle (12 eyes) and nonopen angle (19
eyes), were included in this study. Fourteen (45.2%) of the
31 study eyes were right eyes. There were 18 women (58.1%),
and the mean age was 54.4± 15.6 years (range 26–78 years).
The study included 18 White (58.1%), 5 Hispanic (16.1%), 4
Black (12.9%), and 4 Asian (12.9%) participants. All images
were included in the statistical analysis.

3.1. Scleral Spur Landmark Visibility. SSL could not be
identified by criterion 1 in 17 of 124 angles (14%). Of
those 9 were in the inferior, 7 superior, and 1 temporal

quadrants. The SSLs in these angles were identified using
criteria 2 (the posterior end of trabecular meshwork on the
posterior corneoscleral-aqueous interface). Using criteria 1
and 2 sequentially, there were no images in which the SSL
could not be identified.

3.2. Intraobserver Agreement of SSL Placement. Differences
between SSL locations for both the X- and Y-axes were
within 80 μm in 104 of 124 quadrants (84%) evaluated by
the glaucoma specialist (SR) in 2 separate sessions, 9 months
apart (88% for X-axis and 94% for Y-axis). Agreement in
open angles was lowest in both the superior and inferior
quadrants (67%). Agreement in nonopen angles was lowest
in the nasal quadrant (79%). Agreement within 80 μm in the
temporal quadrant was 89% for nonopen eyes and 100% for
open-angle eyes. The mean (±SD) difference in identified
locations was −6.2 (±52.5) with 95% limits of agreement
from −109.1 to +96.7 μm and −4.6 (±41.3) μm with 95%
limits of agreement from −85.5 to +76.3 for the X-axis and
Y-axis, respectively.

3.3. Interobserver Agreement of SSL Placement. The number
(%) of SSLs identified within 80 μm in X- and Y-axes by
the 2 observers with or without adjudication is reported in
Table 1. In 77% of all quadrants, the 2 independent observers
were within 80 μm in both the X- and Y-axes. There were
28 (23%) angles that met criteria for adjudication. The
adjudicator value replaced the nonexpert data for further
analysis. After adjudication, 90% of all quadrants were within
the 80 μm threshold: 92% in nonopen-angle eyes and 88%
in the open-angle eyes. When analyzed by quadrant, 29%
of superior and inferior quadrants required adjudicator
review, while 13% and 19% of temporal and nasal quadrants,
respectively, required review.

The mean (±SD) differences in SSL placement with
and without adjudication are shown in Table 2. The mean
difference of the final pairs of SSLs in the X-axis was
−15.5 μm, with 95% limits of agreement being −97.2 and
+66.6 μm (Figure 3(a)), while the mean difference in the Y-
axis was 0.4 μm with 95% limits of agreement being −92.9
and +93.7 μm (Figure 3(b)).

The mean differences (bias) in both the X- and Y-axes
were similar before and after adjudication (Table 2). Vari-
ation in the X-axis was reduced by 22% after adjudication
(from 53.3 μm between the 2 observers without adjudication
to 41.8 μm with adjudication). Similarly, the variation in
the Y-axis was reduced by 10% after adjudication. These
reductions in variation due to the adjudication were mainly
observed in nonopen-angle eyes (36% in X-axis and 26% in
Y-axis), while no reductions were seen in open-angle eyes.

3.4. Intraobserver Reproducibility for TISA750 and AOD750.
Table 3 summarizes the means (±SD) of TISA750 and
AOD750 resulting from the SSLs identified by the glaucoma
specialist (SR) in 2 sessions. The mean difference in TISA750
was 0.0087 (±0.0493) mm2 for open-angle eyes and 0.0037
(±0.0141) mm2 for nonopen-angle eyes. Similarly, the mean
difference in AOD750 was 0.030 (±0.171) mm for open-
angle eyes and 0.008 (±0.034) mm for nonopen-angle eyes.
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Table 1: Frequency (%) where scleral spur landmark identification was within 80 μm.

All eyes
(N = 31)

by 2 observers
(with adjudicator)

Open-angle eyes
(N = 12)

by 2 observers
(with adjudicator)

Nonopen-angle eyes
(N = 19)

by 2 observers
(with adjudicator)

x-axis

All quadrants
106 (85%)

(118 (95%))
44 (92%)

(46 (96%))
62 (82%)

(72 (95%))

Horizontal

Nasal
25 (81%)

(29 (94%))
9 (75%)

(11 (92%))
16 (84%)

(18 (95%))

Temporal
28 (90%)

(30 (97%))
12 (100%)

(12 (100%))
16 (84%)

(18 (95%))

Vertical

Superior
25 (81%)

(29 (94%))
11 (92%)

(11 (92%))
14 (74%)

(18 (95%))

Inferior
28 (90%)

(30 (97%))
12 (100%)

(12 (100%))
16 (84%)

(18 (95%))

P value
(H versus V)

1.000
(1.000)

0.3173
(1.000)

0.5271
(1.000)

y-axis

All quadrants
108 (87%)

(117 (94%))
41 (85%)

(44 (92%))
67 (88%)

(73 (96%))

Horizontal

Nasal
29 (94%)

(30 (97%))
11 (92%)

(12 (100%))
18 (95%)

(18 (95%))

Temporal
28 (90%)

(29 (94%))
11 (92%)

(11 (92%))
17 (89%)

(18 (95%))

Vertical

Superior
27 (87%)

(30 (97%))
10 (83%)

(11 (92%))
17 (89%)

(19 (100%))

Inferior
24 (77%)

(28 (90%))
9 (75%)

(10 (83%))
15 (79%)

(18 (95%))

P value
(H versus V)

0.1088
(0.7055)

0.1797
(0.3173)

0.3173
(0.5637)

Both x- and y-axes

All quadrants
96 (77%)

(112 (90%))
38 (79%)

(42 (88%))
58 (76%)

(70 (92%))

Horizontal

Nasal
25 (81%)

(29 (94%))
9 (75%)

(11 (92%))
16 (84%)

(18 (95%))

Temporal
27 (87%)

(29 (94%))
11 (92%)

(11 (92%))
16 (84%)

(18 (95%))

Vertical

Superior
22 (71%)

(28 (90%))
9 (75%)

(10 (83%))
13 (68%)

(18 (95%))

Inferior
22 (71%)

(26 (84%))
9 (75%)

(10 (83%))
13 (68%)

(16 (84%))

P value
(H versus V)

0.1025
(0.2482)

0.4795
(0.4795)

0.1336
(0.3173)
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Table 2: Mean (± standard deviation) differences (μm) in scleral spur landmark placement.

All eyes
(N = 31)

by 2 readers
(with adjudicator)

(μm)

Open-angle eyes
(N = 12)

by 2 readers
(with adjudicator)

(μm)

Nonopen-angle eyes
(N = 19)

by 2 readers
(with adjudicator)

(μm)

x-axis difference

All quadrants
−16.5∗± 53.3
(−15.5 ± 41.8)

−22.0 ± 41.6
(−11.8 ± 47.0)

−13.0 ± 59.5
(−17.8 ± 38.3)

Horizontal

Nasal
−25.7 ± 71.9

(−19.7 ± 45.4)
−43.0 ± 52.0

(−30.0 ± 44.1)
−14.8 ± 81.5

(−13.2 ± 46.2)

Temporal
−8.7 ± 41.0

(−13.5 ± 35.2)
−13.0 ± 15.7
(−5.8 ± 33.6)

−6.0 ± 51.2
(−18.3 ± 36.3)

Vertical

Superior
−20.1 ± 49.7
(−6.8 ± 46.7)

−18.7 ± 45.6
(4.7 ± 59.9)

−21.1 ± 53.3
(−14.1 ± 36.0)

Inferior
−11.4 ± 46.2

(−22.0 ± 39.2)
−13.5 ± 41.4

(−16.0 ± 45.3)
−10.1 ± 50.0

(−25.8 ± 35.6)

P value
(H versus V)

0.8597
(0.7646)

0.3283
(0.3632)

0.6162
(0.6198)

y-axis difference

All quadrants
1.5∗± 52.8
(0.4 ± 47.6)

−8.0 ± 52.7
(−0.8 ± 59.2)

7.5 ± 52.4
(1.2 ± 39.0)

Horizontal

Nasal
−2.2 ± 50.5
(2.8 ± 43.7)

−14.6 ± 44.3
(−5.1 ± 33.5)

5.6 ± 53.7
(7.8 ± 49.3)

Temporal
10.3 ± 52.2
(5.5 ± 42.7)

10.9 ± 47.1
(13.7 ± 54.9)

9.9 ± 56.5
(0.4 ± 33.5)

Vertical

Superior
7.2 ± 45.4

(9.9 ± 45.6)
5.2 ± 51.2

(19.0 ± 64.2)
8.5 ± 42.7

(4.1 ± 29.4)

Inferior
−9.2 ± 62.1

(−16.0 ± 55.3)
−33.4 ± 60.9

(−30.8 ± 71.2)
6.0 ± 59.4

(−7.5 ± 42.1)

P value
(H versus V)

0.5713
(0.3844)

0.4071
(0.5494)

0.9670
(0.5234)

∗
A negative mean difference indicates that observer 1 is closer to the center of the image.

The intraobserver correlation coefficients (ICC) for all angles
grouped by angle status as well as quadrants are shown
in Table 4. The results indicate that all ICCs are excellent
(>0.75). In addition, all ICCs were >0.9, except for the
AOD750 at the temporal quadrant in open-angle eyes
(=0.81). The observed differences between 2 sessions were
less than 10% of standard deviation in all eyes. The subgroup
analysis showed the largest observed difference was 17% of
standard deviation at superior open angle.

3.5. Interobserver Reproducibility for TISA750 and AOD750.
The means (±SD) of TISA750 and AOD750 obtained from
the SSLs identified by 2 observers without adjudication
and with adjudication are summarized in Tables 5 and 6.
The interobserver biases and variations in TISA750 and
AOD750 were similar with and without adjudicator review.

The horizontal (temporal and nasal) scan was the deepest
while the vertical (superior and inferior) scan was narrowest
(P = 0.0041 and 0.0004 for TISA750 and AOD750, resp.,
using the adjudicated pairs). In addition, the variations of
TISA750 and AOD750 obtained by 2 observers in nonopen-
angle eyes were approximately 33% (0.0174 versus 0.0530)
and 35% (0.034 versus 0.097) of the variations in the open-
angle eyes, respectively. The 95% limits of agreement for
TISA750 and AOD750 with adjudication were −0.0847 to
+0.0823 mm2 and −0.139 to +0.147 mm, respectively, for all
quadrants. Figures 3(c) and 3(d) show the Bland-Altman
agreement plots for TISA750 and AOD750.

The ICC without adjudication (and with adjudication)
for all quadrants was 0.98 (0.97) for TISA750 and 0.96 (0.94)
and 0.96 (0.97) for the open- and nonopen-angle groups,
respectively. For AOD750, the ICC was 0.99 (0.98) for all
eyes and 0.97 (0.97) and 0.97 (0.97) for the open- and
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Table 3: Mean (± standard deviation) of TISA750 (mm2) and AOD750 (mm) from both sessions by the glaucoma specialist and their
differences.

Session 1 Session 2 Difference

TISA750 (mm2)

All eyes

All quadrants 0.1722 ± 0.1774 0.1666 ± 0.1724 0.0056 ± 0.0325

Nasal 0.1772 ± 0.1812 0.1721 ± 0.1763 0.0051 ± 0.0183

Temporal 0.1944 ± 0.2069 0.1880 ± 0.1975 0.0064 ± 0.0273

Superior 0.1550 ± 0.1676 0.1427 ± 0.1521 0.0123 ± 0.0336

Inferior 0.1622 ± 0.1559 0.1634 ± 0.1659 −0.0012 ± 0.0450

Open-angle eyes

All quadrants 0.3370 ± 0.1775 0.3283 ± 0.1711 0.0087 ± 0.0493

Nasal 0.3373 ± 0.1884 0.3290 ± 0.1847 0.0083 ± 0.0228

Temporal 0.3785 ± 0.2248 0.3644 ± 0.2140 0.0141 ± 0.0394

Superior 0.3226 ± 0.1527 0.3002 ± 0.1262 0.0224 ± 0.0515

Inferior 0.3095 ± 0.1495 0.3197 ± 0.1640 −0.0102 ± 0.0710

Nonopen-angle eyes

All quadrants 0.0681 ± 0.0590 0.0644 ± 0.0555 0.0037 ± 0.0141

Nasal 0.0760 ± 0.0717 0.0730 ± 0.0647 0.0030 ± 0.0151

Temporal 0.0781 ± 0.0597 0.0766 ± 0.0567 0.0015 ± 0.0152

Superior 0.0491 ± 0.0445 0.0433 ± 0.0431 0.0059 ± 0.0123

Inferior 0.0692 ± 0.0570 0.0647 ± 0.0537 0.0045 ± 0.0143

AOD750 (mm)

All eyes

All quadrants 0.400 ± 0.401 0.384 ± 0.375 0.016 ± 0.109

Nasal 0.433 ± 0.419 0.411 ± 0.403 0.022 ± 0.053

Temporal 0.448 ± 0.495 0.412 ± 0.414 0.035 ± 0.182

Superior 0.358 ± 0.349 0.340 ± 0.329 0.018 ± 0.050

Inferior 0.360 ± 0.330 0.371 ± 0.362 −0.011 ± 0.096

Open-angle eyes

All quadrants 0.768 ± 0.408 0.738 ± 0.367 0.030 ± 0.171

Nasal 0.801 ± 0.446 0.766 ± 0.429 0.035 ± 0.075

Temporal 0.901 ± 0.524 0.808 ± 0.410 0.093 ± 0.287

Superior 0.708 ± 0.309 0.676 ± 0.281 0.032 ± 0.066

Inferior 0.662 ± 0.327 0.702 ± 0.364 −0.040 ± 0.150

Nonopen-angle eyes

All quadrants 0.167 ± 0.131 0.160 ± 0.123 0.008 ± 0.034

Nasal 0.201 ± 0.154 0.187 ± 0.146 0.015 ± 0.034

Temporal 0.161 ± 0.130 0.162 ± 0.109 −0.001 ± 0.037

Superior 0.138 ± 0.108 0.128 ± 0.099 0.009 ± 0.035

Inferior 0.169 ± 0.129 0.162 ± 0.134 0.008 ± 0.030

nonopen-angle groups, respectively (Table 7). Based on the
predefined criteria of ICC > 0.75 considered as excellent, the
reproducibility for both TISA750 and AOD750 was excellent
with and without adjudication. The observed differences
between observers (with or without adjudication) were less
than 10% of standard deviation in all eyes. The largest
observed differences were found in superior and inferior
angle of open-angle eyes.

3.6. Impact of SSL Location on TISA750 and AOD750. The
mean (±SD) distances between 2 SSLs identified by 2
observers were 54.6 (±44.9) μm in open angles and 57.1

(±56.7) μm in nonopen angles. When the SSL distance
increases 10 μm, the mean TISA750 increased by 0.0066
(±0.0009) mm2 in open-angle eyes (P < 0.0001) and 0.0012
(±0.0002) mm2 in nonopen-angle eyes (P < 0.0001). Sim-
ilarly, the mean AOD750 increased by 0.013 (±0.002) mm
in open-angle eyes (P < 0.0001) and 0.002 (±0.000) mm2

in nonopen-angle eyes (P < 0.0001) as the SSL distance
increases 10 μm.

Of the 76 quadrants in nonopen-angle eyes, TISA750
differed by more than 0.03 mm2, the lower confidence
interval of the effect of peripheral iridotomy (see Section 2.6)
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Table 4: Intraobserver correlation coefficient (ICC) for TISA750 and AOD750.

TISA750 AOD750

ICC |μd|/SDd |μd|/SDTISA ICC |μd|/SDd |μd|/SDAOD

All eyes

All quadrants 0.982 0.172 0.032 0.961 0.147 0.043

Nasal 0.994 0.279 0.028 0.990 0.415 0.055

Temporal 0.991 0.234 0.032 0.920 0.192 0.081

Superior 0.976 0.366 0.078 0.988 0.360 0.053

Inferior 0.962 0.027 0.007 0.961 0.115 0.032

Open-angle eyes

All quadrants 0.960 0.176 0.051 0.902 0.175 0.081

Nasal 0.992 0.364 0.045 0.983 0.467 0.080

Temporal 0.983 0.358 0.065 0.810 0.324 0.220

Superior 0.926 0.435 0.166 0.971 0.485 0.109

Inferior 0.904 0.144 0.068 0.907 0.267 0.123

Nonopen-angle eyes

All quadrants 0.968 0.262 0.066 0.963 0.235 0.061

Nasal 0.976 0.199 0.044 0.970 0.441 0.098

Temporal 0.967 0.099 0.026 0.955 0.027 0.010

Superior 0.954 0.480 0.137 0.941 0.257 0.093

Inferior 0.965 0.315 0.083 0.974 0.267 0.058

between the 2 observers in 7 quadrants (9.2%). Among these
7 quadrants, 6 quadrants had SSL distances that differed
by more than 80 μm. After adjudication, 4 of 6 quadrants
were no longer differed in TISA750 by more than 0.03 mm2.
Twelve quadrants had SSL placement adjudication while
their TISA750 were within 0.03 mm2.

3.7. Post Hoc Analysis of Correlation and Sample Size. Post
hoc analysis was conducted to evaluate the correlation within
an eye. Table 8 uses our data to evaluate the correlation
among four quadrants within an eye, where r is the
correlation of coefficient. From this table, |r| is less than
0.1 for SSL location-related measurements (agreement or
distance), and therefore uncorrelated, while the correlation
of TISA within an eye is >0.9 (highly correlated). Thus, at 5%
significant level, the sample size in this study had a statistical
power of 77% to detect a 20% difference in agreement using
GEE models validating our a priori assumptions.

4. Discussion

The gold standard for visualization of the anterior chamber
angle is gonioscopy, a subjective technique. In contrast,
ASOCT provides objective assessment of the anterior cham-
ber angle anatomy, and quantitative measurements such
as AOD and TISA can be obtained. However, both of
these parameters require a fixed reference point to obtain
accurate measurements. Reliable automated detection of this
reference point has remained elusive; hence, manual identi-
fication of the scleral spur is used. However, this introduces
another element of variability which is observer dependent.
This study demonstrates that a nonexpert observer can

be trained to read similarly to the expert. Reproducible
identification of the SSL is possible with both intraobserver
and interobserver variability within limits that may result in
clinically useful measurements of AOD750 and TISA750.

The method of using 2 masked observers followed by
an adjudication if those 2 observers do not reach the same
conclusion about the image or data that they are reading is
a technique that has been used previously with success in
many large, NEI-funded clinical trials [19–22]. For example,
in clinical trials where large amounts of data are accumulated
and a reliable outcome is of crucial importance, this method
has been successful in analyzing optic disc photos and visual
fields. However, being that ASOCT is emerging as a more
commonly used technique that can provide quantitative
information about the angle, its use in large-scale clinical
trials to quantify changes before and after procedures that
may modify angle anatomy (such as lens extraction or
peripheral iridotomy) is inevitable. Here, on a small scale, we
have validated using the technician-adjudicator technique to
analyze ASOCT images in a clinical trial-like setting.

In this study, the interobserver reproducibility for iden-
tifying the SSL (without adjudication) in all images was
good overall. In 77% of quadrants, the 2 observers identified
the SSL within 80 μm in both the X- and Y-axes. Sakata
et al. reported that 54 of 132 (41%) images from the
Visante ASOCT used for reproducibility evaluation were
not adequate to identify the scleral spur. Additionally, they
reported that identifying the scleral spur was more difficult in
the superior and inferior quadrants, possibly related to eyelid
obstruction [9]. This led other investigators to only utilize
images in the nasal and temporal quadrants [6, 12, 23].
In our study, the high-resolution images obtained with the
Casia SS-1000 FD-ASOCT and the use of 2 operators to
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Table 5: Mean (± standard deviation) TISA750 (mm2) from each observer and differences.

Observer AZC
(with adjudicator)

(mm2)

Observer SR
(session 1)

(mm2)

Difference
(with adjudicator)

(mm2)

All eyes

All quadrants
0.1757 ± 0.1855

(0.1710 ± 0.1824)
0.1722 ± 0.1774

0.0035± 0.0358
(−0.0012± 0.0426)

Nasal 0.1858 ± 0.1904
(0.1782 ± 0.1883)

0.1772 ± 0.1812
0.0087 ± 0.0374

(0.0010 ± 0.0301)

Temporal 0.1931 ± 0.2123
(0.1935 ± 0.2120)

0.1944 ± 0.2069
−0.0013 ± 0.0258

(−0.0009 ± 0.0198)

Superior 0.1519 ± 0.1612
(0.1409 ± 0.1439)

0.1550 ± 0.1676
−0.0031 ± 0.0282

(−0.0141 ± 0.0565)

Inferior
0.1722 ± 0.1811

(0.1714 ± 0.1837)
0.1622 ± 0.1559

0.0100 ± 0.0474
(0.0092 ± 0.0517)

Open-angle eyes

All quadrants
0.3467 ± 0.1875

(0.3364 ± 0.1899)
0.3370 ± 0.1775

0.0097 ± 0.0530
(−0.0006 ± 0.0666)

Nasal 0.3513 ± 0.2004
(0.3412 ± 0.2036)

0.3373 ± 0.1884
0.0140 ± 0.0594

(0.0039 ± 0.0473)

Temporal 0.3765 ± 0.2383
(0.3801 ± 0.2339)

0.3785 ± 0.2248
−0.0021 ± 0.0300
(0.0015 ± 0.0230)

Superior 0.3158 ± 0.1396
(0.2878 ± 0.1226)

0.3226 ± 0.1527
−0.0068 ± 0.0436

(−0.0348 ± 0.0879)

Inferior
0.3434 ± 0.1783

(0.3367 ± 0.1953)
0.3095 ± 0.1495

0.0339 ± 0.0674
(0.0272 ± 0.0796)

Nonopen-angle eyes

All quadrants
0.0678 ± 0.0783

(0.0752 ± 0.0694)
0.0681 ± 0.0590

−0.0004 ± 0.0174
(−0.0016 ± 0.0140)

Nasal 0.0813 ± 0.0818
(0.0826 ± 0.0754)

0.0760 ± 0.0717
0.0053 ± 0.0122

(−0.0008 ± 0.0115)

Temporal 0.0772 ± 0.0620
(0.756 ± 0.0599)

0.0781 ± 0.0597
−0.0009 ± 0.0237

(−0.0025 ± 0.0181)

Superior 0.0484 ± 0.0468
(0.0482 ± 0.0435)

0.0491 ± 0.0445
−0.0007 ± 0.0123

(−0.0009 ± 0.0112)

Inferior
0.0640 ± 0.0576

(0.0669 ± 0.0566)
0.0692 ± 0.0570

−0.0051 ± 0.0185
(−0.0022 ± 0.0151)

minimize lid blockage enabled identification of the SSL in
all quadrants and SSLs, based on criterion 1 identification,
were visible in 86% of quadrants. SSL placement agreement
was better in temporal/nasal images compared to supe-
rior/inferior images. The percentage of agreement in all eyes
between the 2 observers (without adjudication) was 87% in
the temporal quadrant, 81% in the nasal quadrant, and 71%
in both inferior and superior quadrants.

Agreement in placement of the SSLs (without adjudica-
tion) was not significantly different (P = 0.7116) in the 2
angle anatomy groups: 79% open-angle and 76% nonopen-
angle eyes. This is different than the results from Sakata
who reported that identification of the scleral spur was more
difficult in closed angles [9]. There may be 3 explanations
for this: (1) the higher resolution of the Casia SS-1000
FD-ASOCT; (2) the ability to manipulate image contrast
with the ACAI software to differentiate 2 different high
reflectivity structures that are in contact; (3) definitions of
angle anatomy classification may differ between studies.

Console et al. used temporal/nasal images from the
Visante ASOCT to investigate interobserver agreement in
scleral spur placement between 2 observers in open and
narrow angles. The width of agreement limits for both
the nasal and temporal quadrants in the X- and Y-axes
ranged from 261 to 292 μm [12]. In the current study,
the width of agreement limits ranged from 160 to 282 μm
without adjudication, while the width of agreement limits
of the corresponding quadrants ranged from 138 to 178 μm
with adjudication. This indicates that the methodology
of adjudication used in the current study can reduce
interobserver variability by 13%–37%. It may be worth
investigating whether this methodology is as effective with
images obtained from other devices.

This study was designed to evaluate the potential to use
measurements determined from Casia SS-1000 images for
clinical trials. The methodology of using an adjudicator to
resolve differences between observers has been validated and
used in reading centers for other images and devices in
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Table 6: Mean (± standard deviation) AOD750 (mm) from each observer and their differences.

Observer AZC
(with adjudicator)

(mm)

Observer SR (session 1)
(mm)

Difference
(with adjudicator)

(mm)

All eyes

All quadrants
0.411 ± 0.421

(0.404 ± 0.417)
0.400 ± 0.401

0.011± 0.067
(0.004± 0.072)

Nasal 0.447 ± 0.427
(0.434 ± 0.427)

0.433 ± 0.419
0.013 ± 0.064

(0.001 ± 0.056)

Temporal 0.458 ± 0.520
(0.455 ± 0.522)

0.448 ± 0.495
0.010 ± 0.049

(0.008 ± 0.047)

Superior 0.355 ± 0.349
(0.343 ± 0.325)

0.358 ± 0.349
−0.003 ± 0.042

(−0.015 ± 0.074)

Inferior
0.383 ± 0.380

(0.384 ± 0.380)
0.360 ± 0.330

0.023 ± 0.100
(0.024 ± 0.098)

Open-angle eyes

All quadrants
0.799 ± 0.430

(0.781 ± 0.437)
0.768 ± 0.408

0.031 ± 0.097
(0.013 ± 0.109)

Nasal 0.832 ± 0.439
(0.810 ± 0.456)

0.801 ± 0.446
0.032 ± 0.098

(0.009 ± 0.076)

Temporal 0.920 ± 0.576
(0.923 ± 0.573)

0.901 ± 0.524
0.019 ± 0.073

(0.021 ± 0.071)

Superior 0.706 ± 0.307
(0.671 ± 0.282)

0.708 ± 0.309
−0.002 ± 0.051

(−0.037 ± 0.107)

Inferior
0.735 ± 0.377

(0.723 ± 0.400)
0.662 ± 0.326

0.073 ± 0.140
(0.061 ± 0.152)

Nonopen-angle eyes

All quadrants
0.166 ± 0.133

(0.166 ± 0.131)
0.167 ± 0.131

−0.001 ± 0.034
(−0.001 ± 0.032)

Nasal 0.203 ± 0.155
(0.197 ± 0.154)

0.201 ± 0.154
0.002 ± 0.023

(−0.004 ± 0.040)

Temporal 0.166 ± 0.127
(0.160 ± 0.128)

0.161 ± 0.130
0.005 ± 0.025

(−0.001 ± 0.021)

Superior 0.134 ± 0.108
(0.137 ± 0.104)

0.138 ± 0.108
−0.004 ± 0.037

(−0.001 ± 0.041)

Inferior
0.160 ± 0.137

(0.170 ± 0.137)
0.169 ± 0.129

−0.009 ± 0.046
(0.001 ± 0.024)

many prospective studies [19–22]. With this methodology,
reproducibility was excellent within the limits required for
angle measurements; 90% of adjudicated angles were within
the 80 μm threshold for both the X- and Y-axes.

The bias and standard deviation of difference in TISA750
and AOD750 were similar with and without adjudication.
However, if one used the closest 2 of 3 measurements as the
adjudication result, the SD for all quadrants were reduced
from 0.0426 to 0.0304 (29%) for TISA750 and from 0.072
to 0.052 (26%) for AOD750. This reduction in variability
may not increase accuracy but if one is looking to determine
change over time might be useful.

Eighty microns (a distance approximately 20% of the
length of TM [17]) were chosen a priori as the acceptable
difference between measurements by first determining from
the literature the expected change as measured by ASOCT
from performing peripheral iridotomy for the angle closure
spectrum of disease [18]. Then, the amount of error in

SSL placement which would result in that difference was
calculated (see Section 2.6.; 0.09 mm2 = (0.03/0.161)/1.96).
A difference less than the amount of change from a
peripheral iridotomy would be acceptable for a study wishing
to evaluate whether there was anatomic improvement with
treatment and, thus, was felt to be an acceptable minimum
detectable difference between images. It was unknown at
that time whether such a small difference could be detected
reproducibly so the adjudication technique was invoked to
reduce interobserver variability.

Identification of the SSL may have clinical implications in
that iridotrabecular contact anterior to the SSL can be used
to define angle closure. Additionally, quantitative parameters
such as the TISA and AOD, which require identification of
the SSL as a reference point, may be useful for following
patients with clinically narrow angles. While in this paper
we have used the wording “scleral spur landmark” to refer to
the reference point used to calculate TISA750 and AOD750,
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Table 7: Interobserver correlation coefficient (ICC) for TISA750 and AOD750.

TISA750 AOD750

By 2 observers (with adjudicator) By 2 observers (with adjudicator)

ICC |μd|/SDd |μd|/SDTISA ICC |μd|/SDd |μd|/SDAOD

All eyes

All quadrants
0.981

(0.972)
0.098

(0.028)
0.020

(0.007)
0.986

(0.984)
0.029

(0.031)
0.027

(0.011)

Nasal 0.979
(0.987)

0.233
(0.033)

0.047
(0.005)

0.988
(0.992)

0.087
(0.100)

0.032
(0.002)

Temporal 0.993
(0.996)

0.050
(0.045)

0.006
(0.004)

0.995
(0.996)

0.200
(0.048)

0.020
(0.015)

Superior 0.986
(0.933)

0.110
(0.250)

0.019
(0.093)

0.993
(0.975)

0.108
(0.024)

0.008
(0.045)

Inferior
0.960

(0.954)
0.211

(0.178)
0.060

(0.055)
0.959

(0.961)
0.196

(0.042)
0.066

(0.068)

Open-angle eyes

All quadrants
0.957

(0.936)
0.183

(0.009)
0.054

(0.003)
0.971

(0.967)
0.320

(0.119)
0.074

(0.032)

Nasal 0.955
(0.973)

0.236
(0.082)

0.073
(0.020)

0.975
(0.987)

0.327
(0.118)

0.073
(0.021)

Temporal 0.992
(0.995)

0.070
(0.065)

0.009
(0.020)

0.991
(0.992)

0.260
(0.296)

0.035
(0.039)

Superior 0.958
(0.785)

0.156
(0.396)

0.048
(0.282)

0.987
(0.932)

0.039
(0.346)

0.006
(0.131)

Inferior
0.902

(0.892)
0.503

(0.342)
0.215

(0.165)
0.907

(0.908)
0.521

(0.401)
0.216

(0.174)

Nonopen-angle eyes

All quadrants
0.959

(0.971)
0.023

(0.114)
0.006

(0.028)
0.968

(0.970)
0.029

(0.031)
0.011

(0.011)

Nasal 0.985
(0.987)

0.434
(0.070)

0.071
(0.012)

0.989
(0.967)

0.087
(0.100)

0.010
(0.028)

Temporal 0.928
(0.956)

0.038
(0.138)

0.015
(0.042)

0.982
(0.987)

0.200
(0.048)

0.039
(0.010)

Superior 0.966
(0.969)

0.057
(0.080)

0.016
(0.021)

0.943
(0.929)

0.108
(0.024)

0.035
(0.009)

Inferior
0.947

(0.966)
0.276

(0.146)
0.092

(0.040)
0.943

(0.984)
0.196

(0.042)
0.068

(0.005)

Table 8: Post hoc analysis of correlation of quadrants within an eye.

Variable Method r

SSX by SR from session 1 Mixed-effect model 0.075

SSY by SR from session 1 Mixed-effect model −0.051

Distance of SSL between SR and AZC Mixed-effect model 0.078

Agreement within 80 um between SR and AZC GEE with repeated measure and binomial link 0.016

TISA by SR from session 1 Mixed-effect model 0.911

AOD by SR from session 1 Mixed-effect model 0.906

choosing the actual anatomical scleral spur is not crucial
to calculating angle parameters as long as it can be done
consistently. Given that limitation, the actual anatomic struc-
ture marked probably has little effect on whether a change
can be detected over time. Reproducible identification of
the SSL (identified by criteria 1 and 2 in Section 2) enables

reproducible quantitative angle measurements as evidenced
by the excellent interobserver agreement of TISA750 and
AOD750. TISA750 ICC and AOD750 ICC were greater than
0.95 regardless of angle anatomy.

While it is true that there is a correlation for TISA and
AOD measurements, the SSLs are not correlated because (1)



Journal of Ophthalmology 13

4000 4500 5000 5500

Upper 95% agreement limit = 66.6

D
iff

er
en

ce
 o

f 
SS

L 
lo

ca
ti

on
s 

in
X

-a
xi

s 
(m

ic
ro

n
s)

Lower 95% agreement limit = −97.2

Average SSL locations in -axis obtained by final pairs (microns)

−150

−100

−50

50

100

150

0

X

(a)

0

0

200 400 600 800 1000 1200

Upper 95% agreement limit = 93.7

D
iff

er
en

ce
 o

f 
SS

L 
lo

ca
ti

on
s 

in
Y

-a
xi

s 
(m

ic
ro

n
s)

Average SSL locations in -axis obtained by final pairs (microns)

Lower 95% agreement limit = −92.9

−150

−100

−50

50

100

150

Y

(b)

Open
Nonopen

0 0.2 0.4 0.6 0.8

Upper 95% agreement limit = 0.0823

Average TISA750 obtained by final pairs (mm2)

D
iff

er
en

ce
 o

f 
T

IS
A

75
0 

(m
m

2
)

Lower 95% agreement limit = −0.0847

−0.15

−0.1

−0.05

0

0.05

0.1

0.15

(c)

0

0

0.5 1 1.5 2

0.2

0.4

Upper 95% agreement limit = 0.147

Average AOD750 obtained by final pairs (mm)

D
iff

er
en

ce
 o

f 
A

O
D

75
0 

(m
m

)

Lower 95% agreement limit = −0.139

−0.4

−0.2

Open
Nonopen

(d)

Figure 3: Bland-Altman agreement plots for adjudicated pairs for (a) SSL location in X-axis, (b) SSL location in Y-axis, (c) TISA750, and
(d) AOD750.

eyes are not perfectly round and (2) the eye is often imaged
in a slightly tilted position, especially in a horizontal cross-
section. The vertical tilting is likely caused by the height
of the subject. Therefore, the SSL X- and Y-coordinates in
each quadrant will not vary depending on where on the
Cartesian plane the imaged quadrant falls. TISA and AOD
are not affected by where on this plane it falls because the
relative locations of the coordinates are unaffected. Post hoc
analysis (Table 8) illustrated this point using our data. With
this information, it appears that our sample size calculation
statistical methodology and a priori assumptions are all
appropriate.

This study has several limitations. First, the study
included only eyes without anterior segment abnormalities
that would prevent ASOCT imaging (i.e., significant corneal
opacity, pterygium, etc.). Thus, the results are only generaliz-
able to this population. Second, while the Casia SS-1000 has

the capability of obtaining images in 3D mode in a resolution
similar to the Visante ASOCT, this study was limited to
images obtained in the higher resolution 2D mode. The
excellent reproducibility may not apply to 3D mode images.
Third, the adjudicator model used in the current study does
not totally mimic the reading center model used in previous
randomized clinical trials in that the readers were one expert
and one nonexpert (one physician and one layperson),
whereas in the typical reading center there are 2 lay readers
with a physician adjudicator [19, 21]. Since the purpose
of this study was to determine whether measurements
could be obtained reproducibly, it was advantageous to
compare expert to nonexpert evaluations, which would likely
maximize the expected differences. Fourth, the study was also
limited by the relatively small sample size and exclusion of
Shaffer grade 2 angles, which makes generalizability to grade
2 angles not possible in clinical trials nor in clinical practice.
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Also in this study, the reproducibility was measured relative
to the placement of the SSL on the image and not due to
the imaging technique itself. Reproducibility of the imaging
technique would require several different operators to take
images and then comparison of those images. This is the
subject of ongoing research.

In conclusion, reproducible identification of the SSL
from images obtained with the Casia SS-1000 FD-ASOCT
is possible. The ability to identify the SSL allows the
reproducible measurement of the anterior chamber angle
using AOD750 and TISA750.
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Maira Saad Ávila Morales,1 Patricia Novita Garcia,1, 3 Yara Cristina Lopes,1

Paulo Henrique Souza,1, 2 and Norma Allemann1, 2, 4

1 Department of Ophthalmology, Federal University of São Paulo (UNIFESP), 04023-062 São Paulo, Brazil
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Purpose. Application of anterior segment optical coherence (AS-OCT) in pediatric ophthalmology. Methods. Retrospective clinical
study case series of 26 eyes of 19 pediatric patients throughout a 21-month period, presenting anterior segment pathologies, were
submitted to AS-OCT examination (OCT Visante, 1310 nm, Zeiss), noncontact technique, no sedation requirement. Results. AS-
OCT images were obtained from 19 patients (range: 2 months to 12 years). Clinical diagnosis of anterior segment abnormalities
included cornea disease (n = 7), congenital anterior segment conditions (n = 10), ocular trauma (n = 1), anterior segment
surgeries (n = 2), iridocorneal angle abnormalities (n = 4), intermediate uveitis (n = 2). The most common OCT findings were
corneal hyperreflectivity and thickening (n = 15), shallow anterior chamber with iris-lens diaphragm anterior displacement (n =
4), atypical corneal curvature (n = 4), corneal thinning (n = 4), peripheral synechiae with angle closure (n = 3), increased anterior
chamber depth (n = 2), and proximal portion of glaucoma drainage tube (n = 2). Conclusion. In the present study, noncontact
AS-OCT demonstrated to be a feasible technique to evaluate the anterior segment providing anatomic details and useful to clarify
diagnosis in the pediatric population.

1. Introduction

Optical coherence tomography (OCT) is a high-resolution
imaging technique, which allows a noninvasive tissue obser-
vation through sectional cuts of the ocular structure. This
concept is based on the measurement of low-coherence
delay infrared light reflected onto a tissue to be examined
with the use of interferometry [1, 2]. The system with a
wavelength of 1310 nm has allowed greater penetration into
opaque tissues such as sclera and limbus for the visualization
of angular structures [1–4]. Anterior segment OCT (AS-
OCT) technology has improved in the last years with the
development of higher resolution systems, considering time
domain and Fourier-domain systems.

In most cases, OCT has its usage limited to the adult
population. The role of anterior segment OCT in ocular
pediatric diseases has not been well reported [5]. Anterior
segment anatomy evaluation in children is challenging
and was restricted to high-frequency ultrasound techniques
(UBM), which required immersion technique and sedation
[6].

2. Patients and Methods

Retrospective analysis of patients under 12 years of age
presenting with anterior segment conditions and requir-
ing imaging techniques for elucidation were submitted to



2 Journal of Ophthalmology

(a) (b)

630

527
536
554

512
538
597

455
502
546

439
469
511

466
507
530

516
539
571

478
542
589

392
466
516

371
417
462351

366
401

374
429
484

469
541
604

488
555
602

403
479
521

366
408
474

401
460
518

480
522
545

522
565
609

357
415
465

459
518
548427

499
547

543
550
570

519
551
598

546
564
602

615
600
585
570
555
450
525
510
495
480
465
450
435
420
405
390
375
360
345
330

10
 m

m

10 mm

(c)

Figure 1: Anterior segment OCT images of corneal changes in the pediatric population. (a) Increased stromal reflectivity (opacity) measured
at 399 microns depth, residual stroma = 268 microns. Note a circular structure in the anterior chamber correspondent to a transverse section
of a glaucoma drainage tube. (b) Self-sealing perforating corneal injury treated with adhesive (hyper-reflective image at the surface of the
cornea with a bandage contact lens), underlying stromal thickness = 220 microns. (c) Pachymetric map in a keratoconus patient, thinnest
area inferiorly colored in red (total corneal thickness inferiorly = 352 microns).

(a) (b)

(c) (d)

Figure 2: Anterior segment OCT images of developmental anomalies in a pediatric population. (a) Meso-ectodermal dysgenesis, Peters
anomaly: localized stromal hyper-reflectivity, posterior corneal defect, increased corneal thickness (580 microns at the hyper-reflective area,
740 microns in adjacent area). (b) Corneal thickening and hyper-reflectivity = 1,003 microns. (c) Anterior chamber depth (1.32 mm) and
inner AC diameter (9.47 mm) presented under normal values, compatible with microphthalmia. At axis 180, iris demonstrated a short
length. (d) UBM of the same patient at axis 90, confirmed ACD = 1.30 mm.
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Table 1: Characteristics of the pediatric population submitted to anterior segment OCT.

Patient no. Gender Age (years) Eye Presumed clinical diagnosis

1 M 6 OU Mucopolysaccharidosis type IV

2 M 11 OS Keratoconus

3 F 11 OU Mucopolysaccharidosis type IV

4 M 2 OD Dermoid cyst

5 F 12 OS Perforating corneal trauma

6 M 0.17 (2 mo) OS Mesoectodermal dysgenesis

7 F 6 OS Mesoectodermal dysgenesis

8 M 7 OU Microphthalmia

9 F 11 OD Cornea transplant and glaucoma drainage tube

10 F 5 OS Sclerocornea

11 F 10 OD Uveitis, peripheral anterior synechia and cataract

12 M 7 OU Congenital glaucoma

13 F 11 OU Intermediate uveitis

14 F 11 OU Neovascular glaucoma

15 M 12 OU Keratoglobus OD, keratoconus OS

16 F 12 OD Glaucoma drainage tube

17 M 11 OS Ciliary body lesion with anterior peripheral synechiae

18 F 5 OU Congenital cataract, microphthalmia and iris coloboma

19 M 11 OD Keratoconus and hydrops

Legend: M: male; F: female; OU: both eyes; OD: right eye; OS: left eye.

anterior segment OCT examination (Visante OCT, 1310 nm,
Carl Zeiss Meditec Inc., Dublin, USA), during a 21-month
period (January 2008 to September 2009): protocol approved
by the UNIFESP Ethics Committee in Research under the
number CEP/UNIFESP no. 0788/09.

Presumed ocular diagnosis was considered in compari-
son to AS-OCT findings.

For AS-OCT examination no sedation was necessary;
anesthetic eye drops or eyelid speculum was not routinely
used, except for one only eye of a 2-month-old patient who
required the use of topical hydrochloride proxymetacaine
0.1% (Alcon). All images were acquired in standard light
conditions using the anterior segment single, dual, and/or
quad scan (scan width: 16 mm; scan depth: 8 mm) and
cornea single and enhanced cornea protocols (scan width:
10 mm; scan depth: 4 mm) by two examiners (PHS, NA),
adding the pachymetric map, when needed. Poor vision, lack
in fixation or nystagmus usually determine poor perpendic-
ularity. Images were scanned at the horizontal meridian (0◦

and 180◦) and, when possible, also at the vertical meridian
(90◦ and 270◦) and the oblique meridians (135◦ and 315◦,
45◦ and 225◦).

The cross-sectional AS-OCT images with the best quality
were further analyzed using software provided by the
manufacturer. This included the measurement of the follow-
ing parameters: cornea thickness, anterior chamber depth
(ACD), internal AC diameter, evaluation of the anterior
chamber angle (ACA). Qualitative analysis was used to eval-
uate corneal and lens reflectivity, to describe synechiae and
malformations, and to analyze internal structure of superfi-
cial lesions.

3. Results

The sample included 19 patients, their age ranging from 2
months to 12 years old.

Anterior segment OCT exam was performed in 26 eyes
with presumed diagnosis of anterior segment.

Demographic data and presumed diagnosis were listed in
Table 1. AS-OCT findings related to diseases of the anterior
segment were grouped in Table 2.

Congenital anterior segment changes were the most
frequent indications including mucopolysaccharidosis (n =
4), keratoconus (n = 3), and microphthalmia (n = 3).

Corneal changes such as increased reflectivity (n = 9)
and thickening (n = 6) were the most observed tomographic
findings, as referred to in Table 3.

3.1. Application of AS-OCT in Cornea-Related Diseases. Pre-
operative evaluation of corneal opacities, providing accurate
measurement of the scar depth (range: 344 to 399 microns)
and of the residual stroma thickness, n = 15 eyes; and
postoperative evaluation of corneal penetrating transplant
(donor recipient wound evaluation and pachymetric map,
n = 1) and glaucoma drainage tube positioning in relation
to the peripheral cornea (n = 2) as in Figures 1(a) and 3(b).
In case of graft failure an overall thickening of the cornea
would be detected (Figure 3(a)). One case (Case 8, Table 3)
presented a self-sealing perforating corneal injury and was
handled with bandage contact lens and local adhesive appli-
cation; AS-OCT allowed to evaluate the underlying residual
stroma thickness (220 microns, Figure 1(b)). In one eye of
an 11-year-old child with keratoconus, AS-OCT provided
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(a) (b)

Figure 3: Postoperative evaluation of the pediatric population using AS-OCT. (a) Penetrating corneal transplant, donor-recipient junction
evaluation demonstrates no gap or step. (b) Donor-recipient junction and an inferonasal glaucoma drainage tube, apparently touching the
cornea, that presents local edema (right side).

(a) (b)

(c) (d)

Figure 4: (a) Anterior segment OCT in pediatric patients. Neovascular glaucoma and secondary angle closure (anterior synechiae). (b) High
frequency ultrasound (UBM) of the same eye after implantation of glaucoma drainage tube, showing the tube in the anterior chamber, an
irregular and hyperrefletive lens and angle closure at the opposite position (c) AS-OCT in a congenital glaucoma with anterior chamber
depth = 3.75 mm. (d) Corneo-scleral dermoid cyst with posterior attenuation, radial extension = 5.51 mm.

the pachymetric map objectively measuring and localizing
corneal thinning (352 microns, Figure 1(c)).

3.2. Application of AS-OCT in Developmental Anomalies of
the Anterior Segment. Mesoectodermal dysgenesis (as Peters
syndrome, 2 eyes) demonstrated increased reflectivity of
the central cornea (leukoma) associated with local inden-
tation (malformation) of the posterior surface (Descemet’s
membrane defect, Figure 2(a)), with overall increased stro-
mal reflectivity and thickness (Figure 2(b)). Findings of
decreased anterior chamber depth and peripheral synechiae
were associated (n = 2 eyes).

3.3. Applications of AS-OCT in Microphthalmia. Reduced
anterior chamber depth (n = 1 eyes, ACD = 1.32 mm) and
inner AC diameter (9.47 mm). Both eyes were also submitted

to high frequency ultrasound with a 50 MHz transducer, and
measurements were comparable (Figures 2(c) and 2(d)).

3.4. Application of AS-OCT in Evaluating the AC Angle. Two
eyes with neovascular glaucoma and vitreous hemorrhage
presented generalized angle closure. UBM was performed
after glaucoma drainage implantation (Figures 4(a) and
4(b)). Congenital glaucoma (n = 2 eyes) presented wide
angle, increased AC depth (3.75 mm), and inner AC diameter
(13.66 mm), as in Figure 4(c).

3.5. Application of AS-OCT in Anterior Segment Tumors.
Limbal dermoid cyst (n = 1 eye) presented as an elevated
highly reflective lesion at the limbal region, that apparently
occupied deep corneal stroma. Lateral boundaries were
determined (radial measurement = 5.52 mm, Figure 4(d)),
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Table 2: Anterior segment pathologies in the pediatric population
submitted to anterior segment OCT (AS-OCT) examination.

Anterior segment pathology Number of eyes

Cornea diseases

Mucopolysaccharidosis 4

Keratoconus 3

Anterior segment congenital condition

Mesoectodermal dysgenesis 2

Sclerocornea 1

Congenital glaucoma 2

Microphthalmia 3

Keratoglobus 1

Ocular trauma

Self-sealing corneal penetrating injury 1

Anterior segment surgery

Cornea transplant and glaucoma drainage tube 1

Glaucoma drainage tube 1

Iridocorneal angle abnormalities

Anterior synechiae post-uveitis 1

Neovascular glaucoma 2

Synechia associated to ciliary body lesion 1

Intermediate Uveitis 2

Ocular surface lesions

Corneoscleral dermoid 1

Table 3: Anatomy-related classification of AS-OCT findings in a
pediatric population with anterior segment pathologies.

Anatomic
landmark

AS-OCT finding Number of eyes

Cornea

Increased stromal reflectivity 9

Thinning 3

Thickening 6

Stromal heterogeneity and irregular
thickness

1

Increased anterior curvature 3

Increased posterior curvature 1

Host-donor junction in corneal
transplantation

1

Anterior
chamber

Decreased anterior chamber depth 4

Increased anterior chamber depth 2

Position of glaucoma drainage tube 2

Crystalline
lens

Congenital cataract 2

Iris Peripheral synechiae 3

Sclera Corneoscleral dermoid 1

but due to local shadowing artifact, the posterior limit was
uncertain.

4. Discussion

Anterior segment OCT is an ancillary exam suitable for
glaucoma evaluation [1, 4], allows the measurement of the

anterior chamber inner diameter [1, 3], and provides a
pachymetric map [7], also suitable for evaluation of ectatic
disorders [1], corneoscleral abnormalities [1], corneal trans-
plant followup [1], and anterior segment tumors [1].

There are limitations in the evaluation through AS-
OCT considering the lack of information of the posterior
chamber, such as the ciliary body and sulcus. High-frequency
ultrasound methods (35 to 50 MHz) usually allow better
penetration into opaque and high-density structures [3],
requiring an immersion technique and contact to the globe.

The usage of AS-OCT has been limited to the adult
population [2, 4, 7]. The application of this method in the
evaluation of pediatric ocular diseases has not been well
defined [5].

In the pediatric population, reports using a posterior
segment OCT system (820 nm) demonstrated mean values
to the foveal thickness (186 microns) and nervous fiber layer
thickness (108.27 microns), additionally allowing an analysis
of the optical disc [8, 9] and a detailed morphological
description of the macula in premature children [10]. The
observation of prevalent intraocular tumors and simulatory
lesions in children was also validated with posterior segment
OCT method [5, 11]. Handheld posterior segment OCT
devices are available to help surgeons at exams under anes-
thesia in the pediatric population.

Some eyes in the sample were evaluated with AS-OCT
and comparatively with high frequency ultrasound (UBM)
and similarities were reported.

Anterior segment OCT may be performed without
difficulties in many children and its application will certainly
expand relating to its non-contact and noninvasive scanning
method. However, in some cases of non-cooperative children
and children who present low visual acuity, condition which
in other methods may not be relevant, the examination
under anesthesia is recommended if a handheld AS-OCT
device would be available [12, 13].

In the present study, AS-OCT was validated as a non-
contact imaging method to evaluate the anterior segment of
the pediatric population. In children, AS-OCT acquisition is
considered more difficult because of the lack of cooperation
in fixating. A concern was also the presence of dense corneal
opacities, which could impede optimal imaging of the
anterior segment structures. Both concerns did not prevent
the acquisition of good quality AS-OCT images.

AS-OCT can be considered as a feasible imaging tech-
nique to be used with children and useful to clarify diagnosis
and for clinical and/or surgical follow-up of anterior segment
disorders. The development of handheld devices for anterior
segment OCT evaluation is expected to improve the standard
of medical care.
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The anterior segment optical coherence tomography provides an objective method to assess the anterior segment of the eye,
including the anatomy of the anterior chamber angle. This technology allows both qualitative and quantitative analyses of the angle
and has shown potential in detecting and managing angle-closure glaucoma. In addition, it has a role in identifying pathology in
some forms of secondary open-angle glaucoma and postsurgical management of glaucoma. Limitations of this technology include
its cost and inability to visualize well structures posterior to the iris, such as the ciliary body. This paper focuses on potential
benefits and limitations of anterior segment optical coherence tomography when compared with conventional gonioscopy and
ultrasound biomicroscopy. Various clinical entities will be described to discuss its potential role in glaucoma practice.

1. Introduction

Glaucoma is a progressive optic neuropathy characterized
by structural changes in the optic nerve head with cor-
responding changes in the visual field. While the final
pathway involving structural and functional loss is similar for
various types of glaucoma, a comprehensive evaluation of the
drainage angle is critical for accurate diagnosis and appropri-
ate therapeutic intervention. In the United States, the most
common type of glaucoma is primary open-angle glaucoma,
whereas primary angle-closure glaucoma is the major form
in other parts of the world [1–4]. There is a wide spectrum
of anatomical variation in the drainage angle in normal
and affected eyes. Many patients may present with narrow
or occludable angles without any other abnormality; some
may have primary angle closure with peripheral anterior
synechiae and/or elevated intraocular pressure; yet others
may have primary angle-closure glaucoma with optic nerve
damage. Furthermore, forces at different anatomic levels in
the eye may be responsible for the pathogenesis of angle
closure: the iris (pupillary block), the ciliary body (plateau
iris), the lens (phacomorphic glaucoma), and posterior to the
lens (malignant glaucoma) [5]. Therefore, assessing anterior
chamber angle anatomy and surrounding structures with

anterior segment imaging is of tremendous importance for
identifying individuals in the early stages of the disease and
guiding therapeutic decisions.

2. Discussion

2.1. Gonioscopy. Gonioscopy remains the reference standard
for assessing anterior chamber angle in the eye. It is inex-
pensive, rapidly performed at the slit-lamp, permits dynamic
visualization of the entire angle quadrant, and allows inden-
tation differentiating between appositional and synechial
angle closure. However, this is a subjective technique and is
easily affected by patient cooperation, examiner’s skill, type
of lens used, direction of gaze, inadvertent pressure on the
cornea, and environmental illumination [6]. Furthermore,
it does not provide quantitative evaluation of the angle and
is also limited in visualizing structures posterior to the iris.
Different classification systems may cause variability in angle
assessment [7, 8]. Interobserver variability is reported to be
only moderate in some studies [3, 9, 10].

Imaging of the anterior segment of the eye offers an
objective method for visualizing the angle and adjacent
anatomical structures. In addition to qualitative analyses,
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some imaging modalities permit quantitative analyses that
can be used to monitor change or progression over time.
Several imaging devices are described below to understand
potential benefits and limitations of anterior segment optical
coherence tomography (AS-OCT).

2.2. Ultrasound Biomicroscopy (UBM). UBM uses high-
frequency ultrasound (35–100 MHz) to provide high-
resolution images of the angle. A typical UBM system
(Paradigm Medical Industries, Salt Lake City, UT) uses a 50-
MHz transducer and provides an axial resolution of 25 um,
lateral resolution of 50 um, tissue penetration of 5 um, and
256 A scans at a rate of eight frames per second [11]. This
earlier model is limited in its ability to provide images in only
one quadrant of the eye at a time. However, the newer units,
such as OTI (Ophthalmic Technologies, Toronto, Canada)
and VuMax II (Sonomed, Inc., Lake Success, NY, USA)
acquire images of 180◦ of the eye in one frame. Recently, even
higher-frequency ultrasound devices (Iscience, Mountain
View, CA) permit visualization of Schlemm’s canal and
trabecular meshwork by using an 80-MHz probe. However,
using higher frequencies compromises the quality of images
posterior to the iris. UBM has shown good agreement
with gonioscopy in assessing the anterior chamber angle
[12, 13]. Although UBM is a useful technology capable
of providing both qualitative and quantitative analyses, its
major advantage lies in its ability to visualize structures
posterior to the iris to detect various causes of secondary
angle closure, such as plateau iris, ciliary effusions, or
iridociliary masses [11, 14]. The disadvantages of UBM
include required supine position, use of anesthesia, need for a
skilled examiner, longer image acquisition time, and contact
with the eye using a cup with a coupling medium or a probe
that can lead to corneal abrasion or potential infection.

2.3. Scheimpflug Photography. The Pentcam (Oculus, Lyn-
nwood, WA) uses a rotating Scheimpflug camera to provide
a 3-dimensional image of the anterior segment of the eye
[15, 16]. Although this noncontact device allows rapid image
acquisition and provides measurements of anterior chamber
depth and volume, corneal thickness, and lens thickness, it
does not provide detailed information of the angle recess
because of light-scattering and has limited application in
documenting angle closure.

2.4. EyeCam. The EyeCam (Clarity Medical Systems,
Pleasanton, CA) was originally designed to obtain wide-field
photographs of the retina in pediatric cases [17]. However,
the modified optical technique can be used to assess the
anterior chamber angle. Good agreement between EyeCam
and conventional gonioscopy findings has been reported
[18]. The major advantage of this technique is its ability
to visualize the angle in its entirety, compared with UBM
and AS-OCT that provide only cross-sectional views. The
disadvantages include lack of quantitative analysis, expense,
supine position for exam, longer image acquisition time,
inability to perform indentation gonioscopy, and influence
of fiberoptic light source on angle recess assessment.

2.5. Anterior Segment Optical Coherence Tomography. AS-
OCT uses the principle of low-coherence interferometry
instead of ultrasound to produce high-resolution, cross-
sectional images of the anterior segment of the eye [19,
20]. The technique measures the delay and intensity of the
light reflected from the tissue structure being analyzed and
compares it with the light reflected by a reference mirror.
The combination of these two signals results in interference
phenomenon. The signal intensity depends on the optical
properties of the tissues, and the device uses these signals to
construct a sagittal cross-section image of the structure being
analyzed. OCT technology was initially used to produce
images of the posterior segment of the eye by using a
wavelength of 820 nm [21–23]. In 2001, the wavelength was
altered to 1310 nm to allow better penetration through light-
retaining tissues such as the sclera and limbus and to improve
visualization of the anterior segment [24, 25].

Compared with UBM, this technology provides a higher
axial resolution (18 um versus 25 um in 50 MHz UBM)
and faster sampling rate (2.0 kHz versus 0.8 kHz). Another
main clinical advantage over UBM is its ability to provide
noncontact scanning in a seated, upright position. However,
the image acquisition can be affected at times by the
superior eyelid, and oblique angles may allow cross-sectional
images. In addition, image distortions may result from off-
axis measurements, requiring special software correction to
eliminate the influence of scanning angle and refractive index
of the cornea [26]. Lack of a coupling medium may affect the
image quality due to abnormalities in the anterior surface
of the eye [27, 28]. The major drawback for AS-OCT is its
inability to visualize structures posterior to the iris due to
blockage of wavelength by pigment [29, 30]. This limits its
application in discerning several secondary causes of angle
closure, such as plateau iris, ciliary body cyst or tumor, lens
subluxation, or ciliary effusions.

The two AS-OCT devices commercially available are
Visante-OCT (Carl Zeiss Meditec; CA, USA) and slit-lamp
OCT (SL-OCT; Heidelberg Engineering GmbH, Heidelberg,
Germany). Compared with the Visante-OCT, the SL-OCT
has lower axial and transverse resolution, slower image
acquisition, and requires manual rotation of the scanning
beam. The properties of Visante-OCT are listed in Table 1.
Leung et al. [31] reported high interobserver reproducibility
with Visante-OCT and SL-OCT but poor agreement between
the two devices. The authors speculated that differences in
instrumentation, scan speed, and scan resolution may be
responsible for observed differences. In another study, both
devices detected more closed angles than did conventional
gonioscopy [32]. However, better agreement was noted
between SL-OCT and gonioscopy, presumably because of the
use of visible light during both procedures.

2.6. Normal Angle. The anterior chamber angle refers to the
junction between the iris root and cornea. In evaluating
the angle, an important anatomic landmark is the scleral
spur, which is the connecting point between the posterior
curvature of the cornea and the curvature of the sclera. Tra-
becular meshwork and Schwalbe’s line are located anterior
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Table 1: The visante AS-OCT (anterior segment optical coherence
tomography) properties.

Wavelength 1310 nm

Axial resolution 18 um

Transverse resolution 60 um

Depth of penetration 6 mm

Acquisition time

0.125 seconds per cross-section for
overall anterior segment examination
0.25 seconds per cross-section for high
resolution corneal examination

Image size

6 mm in depth by 16 mm wide for overall
view of the anterior segment
3 mm in depth by 10 mm wide for high
resolution Images

Coupling medium Air

Patient position Upright, seated

Operator requirement Simple, non-contact test

to the scleral spur. The iris root and the ciliary body are
located posterior to the scleral spur. Once the scleral spur is
identified, attention is paid to the position of the iris relative
to the scleral spur. If the iris is posterior to the scleral spur,
the angle is open. If the iris is anterior to the scleral spur, the
angle is either narrow or closed.

2.7. Angle Parameters Measured with UBM and AS-OCT.
Anterior segment imaging plays an important role not only
in identifying the angle structures qualitatively, but also in
providing quantitative measurements by using special soft-
ware to determine the extent of apposition in cases of angle
closure. After the scleral spur is located, several parameters
can be measured [33–35]. Anterior chamber depth is defined
as the axial distance between the posterior surface of the
cornea and anterior lens surface. One important parameter
for angle anatomy is the angle opening distance (AOD):
the length of line drawn perpendicular from a point on the
corneal endothelial surface (either 500 or 750 um anterior
to the scleral spur) to the iris surface [36]. Theoretically, a
distance of 500 um from the scleral spur approximates the
location of the trabecular meshwork, and a longer distance
of 750 um, covering a more extensive region, may be less
affected by local iris surface irregularities. The software also
provides a linear regression of the AOD out to 750 um. A
formula, y = ax + b, is calculated to measure acceleration
(a) and the y-intercept (b) to describe various types of
angle configurations. Acceleration indicates the rate at which
the angle widens from the scleral spur, and the y-intercept
describes the distance from the scleral spur to the iris.
Negative values for coefficients a and b indicate shallow
depth at the central and peripheral parts of the angle,
respectively [26].

Because AOD measurements are made in the iris plane,
they can be influenced by the presence of peripheral anterior

Figure 1: AS-OCT (anterior segment optical coherence tomogra-
phy): quantitative measurements of angle parameters: green dot:
scleral spur, connecting point between the posterior curvature of
the cornea and the curvature of the sclera. yellow dot: linear distance
of 500 um anterior to the scleral spur which marks the location
of the trabecular meshwork, white dot: linear distance of 750 um
anterior to the scleral spur which covers a more extensive area
surrounding the trabecular meshwork. AOD 500 and AOD 750:
Linear distance from the cornea to the iris at 500 and 750 um
from the scleral spur, respectively. TISA 500 and TISA 750: Area
of trapezoid between iris and cornea from sclera to 500 um and
750 um, respectively.

synechiae or other irregularities of iris contour and curva-
ture. To overcome these limitations and to account for the
whole contour of the iris surface, Ishikawa et al. [37] devised
the angle recess area (ARA), which borders the anterior iris
surface, corneal endothelium, and AOD 500 or AOD 750.
Therefore, the ARA is defined as the triangular area with
boundaries including the angle recess (apex), iris surface and
the inner corneoscleral wall (sides), and AOD (base). The
anterior chamber angle is defined in degrees, in which the
angle recess forms the apex and the two sides of the angle are
formed by drawing the lines through the points defining the
AOD 500.

Because of poor visualization of the angle recess near
the scleral spur and inability to measure the ARA properly
with AS-OCT, Radhakrishnan et al. [25] proposed calcu-
lating the trabecular-iris space area (TISA), which does not
require clear visualization of the angle recess (Figure 1). The
researchers described this parameter to be a better indicator
than ARA for actual filtering area and a more sensitive
identifier of narrow angles in eyes with deep angle recesses.
The TISA excludes the nonfiltering area via its posterior
border outlined by a line drawn from the scleral spur to
the opposing iris perpendicular to the plane of the inner
scleral wall. Therefore, the TISA is the trapezoidal area
with AOD anteriorly, inner scleral wall posteriorly, inner
corneoscleral wall superiorly, and iris surface inferiorly. The
same investigators also defined the trabecular-iris contact
length (TICL) that can be used to denote an anatomically
closed angle. The TICL is the linear distance of iris contact
with corneoscleral surface beginning at the scleral spur and
extending anteriorly. Therefore, this parameter measures the
length of contact between iris and angle structures anterior
to the scleral spur.
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Figure 2: Qualitative assessment of narrow angle and shallow
anterior chamber by AS-OCT.

Figure 3: Quantitative assessment of narrow angle and shallow
anterior chamber by AS-OCT.

Identifying the scleral spur is a critical landmark for
both UBM and AS-OCT before calculating other angle
parameters. Scleral spur location is reported to be successful
in approximately 72% of images obtained with AS-OCT [6].
The difficulty in visualizing the scleral spur was mostly seen
in areas where images were superior or inferior of the nasal
and temporal quadrants. Good intraobserver reproducibility
and poor interobserver reproducibility have been reported
for these parameters with UBM, with high interobserver
variation being attributed to manual identification of the
scleral spur that could influence other angle parameters
[38, 39]. However, Radhakrishnan et al. [25, 40] reported
good intra- and interobserver reproducibility in the nasal
and temporal quadrants but more variation in the inferior
quadrants when using the prototype version of Visante-OCT.
Nolan et al. [41] demonstrated better detection of closed
angles with AS-OCT than with gonioscopy, particularly in
the superior and inferior quadrants, although inadvertent
pressure from gonioscopy lens or room illumination may
have accounted for these findings. Li et al. [42] reported
high intraobserver and interobserver reproducibility with
AS-OCT in both light and dark conditions, but this study
was limited by enrolling only healthy subjects and analyzing
only the nasal angle.

3. Clinical Applications of AS-OCT

3.1. Closed-Angle Mechanisms. Anatomically narrow angles
can be diagnosed with AS-OCT both qualitatively and
quantitatively (Figures 2 and 3). Radhakrishnan et al. [25]
imaged 31 eyes, including both normal subjects and subjects
with narrow angles, and compared results of UBM and the
prototype version of AS-OCT by using the same customized

Pupil size 3.85 mm Pupil size 2.2 mm

Figure 4: Influence of pupil size on angle measurements obtained
with AS-OCT; the angle is more open (21.7◦ versus 2.9◦) with a
smaller pupil.

software to conventional gonioscopy under similar room
illumination. Values for AOD, ARA, TISA, and TICL were
similar between UBM and AS-OCT. The same investigators
also showed high specificity and sensitivity in detecting
narrow angles with these two devices when compared with
gonioscopy. Nolan et al. [41] reported high sensitivity, but
low specificity of AS-OCT when compared with gonioscopy.
Widening of the angles after laser iridotomy in eyes with
narrow angles or pupillary block glaucoma has been demon-
strated with both UBM and AS-OCT [43, 44].

As different parameters are calculated to assess the angle,
it is important to keep in mind that various factors, such
as room illumination, accommodation, or medications may
affect the shapes and locations of anterior segment structures
(Figure 4). In addition, identifying scleral spur, the most
important anatomic landmark for locating the trabecular
meshwork (located 250–500 um anterior to the scleral spur),
remains a subjective measure. Failure to properly identify the
scleral spur can induce errors in subsequent measurements
of angle parameters. Cheon et al. [45] studied the effect of
age on anterior chamber angle parameters by AS-OCT. They
reported lower values with negative slopes for AOD, TISA,
ARA, and anterior chamber depth. Therefore, the influence
of age should be considered when assessing changes in the
anterior chamber over time with this technology.

Angle closure is characterized by apposition of the
peripheral iris to the trabecular meshwork, resulting in
obstruction of aqueous outflow. A variety of mechanisms
involving the iris, ciliary body, lens, or forces posterior to
the lens may be involved in the pathogenesis. Of various
etiologies, pupillary block is the most common cause of angle
closure and results from lens-iris contact, creating a pressure
differential between the posterior and anterior chambers.
The increased pressure in the posterior chamber leads to
iris convexity with closure of the anterior chamber angle.
Laser iridotomy is the definitive treatment for this condition.
Equalizing the pressure differential in the two compartments
reverses the iris bombe configuration and opens the drainage
angle. AS-OCT can be used to diagnose this condition and
monitor response to laser iridotomy (Figure 5).

Although AS-OCT is limited due to blockage of infrared
light by iris pigment with incomplete visualization of the
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(a)

(b)

Figure 5: Patent peripheral iridotomy with AS-OCT. (a) shows
enhanced anterior segment image with patent peripheral iridotomy
and (b) shows raw mode and high-resolution image of cross-section
through the anterior chamber with patent peripheral iridotomy.

ciliary body, it can visualize iris cyst, iris melanoma, or
ciliary effusions in some cases. AS-OCT has been described
to differentiate cystic and solid lesions of the iris [46].
However, these pathologies and others including plateau iris,
phacomorphic glaucoma, or malignant glaucoma are better
detected with UBM. In contrast to AS-OCT, UBM better
demonstrates the anterior rotation of the ciliary body with
loss of ciliary sulcus in plateau iris syndrome (Figure 6).

3.2. Open-Angle Mechanisms. AS-OCT can be used to assess
the iris contour in pigment dispersion syndrome (PDS). In
this condition, pigment liberation is secondary to rubbing
between the iris pigment epithelium and lens zonules
because of increased iridolenticular contact. The rubbing
results from posterior bowing or concavity of the iris, which,
in turn, is due to a reverse pressure gradient between the
anterior and posterior chambers. In essence, there is a reverse
pupillary block caused by blinking in which aqueous humor
is pumped into the anterior chamber by movement of the
iris but is prevented from flowing backward because of the
valve effect of the iris against the lens (Figure 7). Aptel
et al. [47] used AS-OCT to demonstrate that increased
iridolenticular contact in PDS is not due to an abnormally
large iris relative to the anterior segment size but to the
reverse pressure gradient between the two chambers. The
authors reported decreased anterior chamber volume and
iridolenticular contact after laser iridotomy but increased iris
volume-to-length ratio, suggesting higher deformability of
the iris in PDS. While UBM and AS-OCT have shown benefit
of laser peripheral iridotomy in eliminating the reverse
pressure gradient and posterior bowing of the iris, whether
these alterations in the contour of the iris favorably influence
the long-term course of the intraocular pressure in these
patients remains unknown.

(a)

(b)

Figure 6: AS-OCT and UBM (ultrasound biomicroscopy) images
in an eye with plateau iris syndrome. AS-OCT (a) shows closed
angle in anterior segment single-mode image, but is limited in
visualization of pathology posterior to the iris. UBM (b) shows
anterior rotation of the ciliary body and assists in the diagnosis of
plateau iris syndrome.

The noncontact nature of AS-OCT makes it a valuable
tool in identifying angle pathology in posttraumatic eyes
(Figure 8). Angle recession [48] or cyclodialysis cleft may be
documented.

3.3. Postsurgical Management. AS-OCT is a useful tool to
evaluate filtering blebs or glaucoma drainage devices in the
postoperative period (Figures 9, 10, and 11). Clinically, blebs
can be described as diffuse, cystic, encapsulated, or flat.
However, these descriptions are subjective and there may be
cases in which clinical appearance does not correlate with
bleb function. Therefore, visualizing intrableb morphology
with anterior segment imaging may enhance our under-
standing of different surgical outcomes and wound healing.
Although several studies have described the UBM findings
of filtering and nonfunctioning blebs, the noncontact AS-
OCT scanning provides a significant advantage over UBM
in eliminating direct trauma to the bleb or reducing the
risk of potential infection that could occur with the use of
an eye-cup or probe [36, 49–51]. In addition, the higher
scanning resolution of AS-OCT allows differentiating the
subconjunctival fluid collection and the suprascleral fluid
space. Leung et al. [51] used AS-OCT to describe intrableb
morphology and structures, including bleb wall thickness,
subconjunctival fluid collections, suprascleral fluid space,
scleral flap thickness, and intrableb intensity. They demon-
strated low to medium intrableb reflectivity and intrableb
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(a)

(b)

Figure 7: AS-OCT: Raw and anterior segment single mode images
of preblinking (a) in an eye with pigment dispersion syndrome;
postblinking image (b) shows increased iris concavity, deeper
anterior chamber, and a wider angle from increased iridolenticular
contact as a result of blinking.

Figure 8: AS-OCT: trauma with a BB gun resulting in hyphema,
angle recession, and choroidal hemorrhage.

Figure 9: AS-OCT: functioning bleb after standard trabeculectomy.

Figure 10: AS-OCT: non-functioning bleb after standard tra-
beculectomy.

Figure 11: AS-OCT: patent Ahmed gaucoma valve.

fluid-filled spaces in functioning blebs (diffuse and cystic
blebs). Encapsulated blebs had a thick wall, high reflectivity
because of dense collagenous connective tissue present in
the bleb wall, and an enclosed fluid-filled space. Flat blebs
demonstrated high scleral reflectivity with no bleb elevation.
Although qualitative assessment can be performed, the
authors did caution that specific software does not exist for
quantitative analysis of blebs and that the measurements in
the study may not have reflected true values. However, the
measurements could be used to compare different types of
blebs and monitor bleb changes over time. Bleb morphology
after nonpenetrating deep sclerectomy has also been reported
[52]. AS-OCT allows visualization of the glaucoma drainage
devices in the anterior chamber to assess their position or
potential occlusion.

3.4. Measurement of Central Corneal Thickness (CCT).
It is well established that CCT influences the accuracy
of intraocular pressure measurements obtained with the
Goldmann applanation tonometer. Therefore, measuring
CCT has become the routine component of glaucoma
evaluation. Several types of pachymeters are available for
measuring CCT, but ultrasound pachymetry is considered
the standard because of its established reliability. However,
this technique is limited by being a contact technique,
and errors can be introduced by using a probe that can
lead to misplacement or corneal compression. AS-OCT has
built-in analysis software to measure the CCT automatically
without contact with the eye (Figure 12). In addition, AS-
OCT allows both central and regional pachymetry. Several
studies reported thinner measurements of central cornea
with retinal OCT than with ultrasound pachymetry [53, 54].
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Figure 12: AS-OCT: pachymetry map.

Using Visante-OCT, Li et al. [55] demonstrated a smaller
difference in measurements with AS-OCT and ultrasound
pachymetry by averaging the measurements over the central
2 mm rather than using a single focal measurement. Other
investigators reported a reproducible systematic difference in
CCT measurement obtained with SL-OCT and ultrasound
pachymetry and Visante-OCT and ultrasound pachymetry,
concluding that measurements obtained by AS-OCT and
ultrasound pachymetry are not interchangeable [56–58]. In
another study, Li et al. [58] evaluated the repeatability and
reproducibility of central corneal thickness measurements
obtained by SL-OCT and Visante-OCT and compared
their agreement with ultrasound pachymetry. No signifi-
cant difference was noted between automatic/manual SL-
OCT and ultrasound pachymetry. The automatic Visante-
OCT measured thinner than did ultrasound pachymetry
(535.7± 30.2 um versus 550 ± 31.14 um; P < 0.001). In
contrast, CCT measurement with manual Visante-OCT was
higher than with ultrasound pachymetry (558 ± 32.8 um;
P < 0.001). Nevertheless, both imaging devices had 95%
limits of agreement with ultrasound pachymetry as demon-
strated in the Bland-Altman plots.

Clinically, it is important for clinicians to be aware of
the differences in CCT measurements between AS-OCT and
ultrasound pachymetry and caution should be exercised in
interpreting CCT obtained from different anterior segment
imaging systems.

4. Conclusion

While no technology can be a substitute for a thorough
clinical examination performed by an experienced ophthal-
mologist, AS-OCT is a valuable adjunctive tool for anterior
segment imaging, especially the angle anatomy in glaucoma
suspects and patients. Its noncontact nature, high-resolution
images, rapid scanning speed, storage capacity, imaging
in the presence of corneal opacities, and the ability to

provide both qualitative and quantitative analyses of the
angle recess make it an important diagnostic tool for disease
documentation, progression, and therapeutic outcomes. Its
limitations should be kept in mind, including cost and its
inability to image the ocular structures posterior to the iris
due to blockage of wavelength by pigment.
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New advances in anterior segment optical coherence tomography (OCT) technology development allow visualizing the anterior
chamber angle of the eye with high speed and high resolution. Fourier-domain (FD) OCT instruments working at 840 nm can
reliably identify fine angle structures such as the Schwalbe’s line. This paper demonstrates quantitative angle assessment with
840 nm FD-OCT and provides diagnostic cutoff values for occludable angle detection. This is useful for angle closure glaucoma
diagnosis and management. Moreover, 840 nm FD-OCT is a useful tool for postsurgical evaluation in glaucoma patients.

1. Introduction

Since its initial development approximately two decades ago
[1], optical coherence tomography (OCT) has become an
indispensable tool in ophthalmic imaging. Although it was
initially designed to image the posterior segment and retina
[2, 3], OCT’s capability to generate cross-sectional images of
internal biological structures without contacting the ocular
surface was quickly adapted to visualize the anterior segment
and cornea [4–7]. Anterior segment OCT technology has
been improved a great deal since Izatt et al. [4] first reported
using OCT to image the anterior segment of the eye in 1994.
Of the many uses that have come out of those improvements,
one of the most commonly cited is the evaluation of the
anterior chamber angle for narrow-angle glaucoma [8].

2. Anterior Segment OCT

There are currently two types of OCT instruments used for
imaging the anterior segment: time domain (TD) and the
more recently developed Fourier domain (FD). Relying on
the mechanical movement of the reference mirror to produce
each axial scan (A-scan), TD-OCT samples the range of
depth being imaged one point at a time. This serial sampling

limits the speed of image acquisition. In contrast, FD-
OCT—also known as spectral-domain (SD) OCT, spectral
OCT, high-definition (HD) OCT, and frequency-domain
OCT—does not rely on the mechanical movement of a
reference mirror: the reflections from the entire depth range
being imaged are sampled simultaneously. The interference
between the sample and reference beams is detected as
a spectral interferogram, which undergoes Fourier trans-
form to produce axial scans (A-scans) [9]. The parallel
detection greatly improves speed without sacrificing signal
level. Therefore, FD-OCT instruments can provide scan
speeds 10–100 times faster than TD-OCT instruments [10].
The faster speeds minimize the effect of eye movements
during imaging and allow higher-definition imaging due to
denser axial scans in the same transverse scan length. The
scanning speed of FD-OCT also facilitates the registration
and averaging of sequential frames. This frame averaging
makes it possible to both increase the signal-to-noise ratio
of an image and sharpen the anatomic features contained
therein (Figures 1, 2, 3, 4, 5, and 6).

Anterior segment OCT systems can also be differentiated
by the central wavelengths they utilize for scans. Current
OCT instruments commonly use 840 nm, 1050 nm, or
1310 nm wavelength light. The use of longer wavelength light
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(a)

(b)

Figure 1: Two scans of the same nasal angle in a normal subject.
(a) Fourier-domain RTVue OCT image using a 6 mm CL-Angle
scan pattern. Schwalbe’s line (SL), trabecular meshwork (TM),
Schlemm’s canal (SC), and scleral spur (SS) are visible. However, the
iris root (IR) and angle recess (AR) are not visible in this image. (b)
Time-domain Visante OCT image using a 10 mm high-resolution
corneal scan pattern. In this image, both the scleral spur and angle
recess are visible, but the trabecular meshwork, Schlemm’s canal,
and Schwalbe’s line are not resolvable.

Figure 2: Frame-averaged cross-sectional OCT image of the nasal
angle in a normal subject. The high resolution helps to visualize
the termination of the endothelium and Descemet’s membrane
(Schwalbe’s line, SL), which is a useful landmark on these images.
Also visible are the external limbus (EL), Schlemm’s canal (SC),
and the trabecular meshwork (TM). The scleral spur (SS) is faintly
visible in this case. The angle recess, iris root, and ciliary body are
not visible due to blocking by the sclera. The angle opening distance
between SL and the anterior surface of the iris (AOD-SL, dotted
line) was 361 µm, indicating that the angle is open.

Figure 3: Frame-averaged cross-sectional OCT image of a closed
angle with modified Shaffer grade of 0 by gonioscopy. The high
definition of the image allows the visualization of the Schwalbe’s line
(SL) and the contact between the iris and the trabecular meshwork
(TM). The AOD-SL is obviously zero in this case.

Figure 4: Frame-averaged cross-sectional OCT image of the nasal
angle in an eye with primary narrow angle glaucoma. The AOD-SL
(dotted line) was measured at 177 ¯m, below the diagnostic cutoff
value of 230–290 µm, indicating a potentially occluded angle. This
agreed with a gonioscopic grade of 1 on the modified Shaffer scale.
The trabecular meshwork (TM) and Schwalbe’s line (SL) can be
distinguished.

(a)

(b)

Figure 5: Pre- and postlaser peripheral iridotomy OCT images of
an eye with narrow angles. (a) Preoperative image of the nasal angle
with frame averaging. The short distance between the trabecular
meshwork (TM) and the iris indicates a narrow, potentially
occluded angle. The AOD-SL (dotted line) measured 120 µm. An
aqueous collector vein and the Schlemm’s canal (SC) are also visible.
(b) Frame-averaged cross-sectional OCT image of the same angle
following laser peripheral iridotomy. The procedure nearly doubled
the AOD-SL (dotted line) to 220 µm, reprinted with permission
from SLACK Incorporated: Huang D, Duker JS, Fujimoto JG,
Lumbroso B, Schuman JS, Weinreb RN. Imaging the Eye from Front
to Back with RTVue Fourier-Domain Optical Coherence Tomography.
Thorofare, NJ: SLACK Incorporated; 2010.

to image the anterior chamber angle does have advantages.
1310 nm and 1050 nm lights show lower scattering and
signal loss in turbid media [11, 12], permitting much better
penetration through the limbus and sclera than is possible
using shorter wavelengths.

This increased penetration allows 1310 nm wavelength
OCT to accurately measure gross angle morphology and
visualize angle structures such as the iris root and scleral
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Figure 6: A cross-sectional OCT image of the nasal angle following
trabectome surgery. This frame-averaged image shows that the
posterior trabecular meshwork has been removed, leaving a 374 µm
wide trabecular cleft (TC) and an anterior trabecular meshwork
remnant (TMR). Although scleral shadowing has caused the iris
root (IR) to appear indistinct, it was possible to trace its position
by contiguity with the iris. The limbal girdle of Vogt is the cause
of the shadowing in the peripheral cornea. (Courtesy of Brian
A. Francis, MD, USA), reprinted with permission from SLACK
Incorporated: Huang D, Duker JS, Fujimoto JG, Lumbroso B,
Schuman JS, Weinreb RN. Imaging the Eye from Front to Back with
RTVue Fourier-Domain Optical Coherence Tomography. Thorofare,
NJ: SLACK Incorporated; 2010.

spur [13–15]. As a result, past studies used 1310 nm OCT
systems and developed quantitative angle parameters using
scleral spur as the anatomical landmark [16–19]. The axial
resolutions of the earlier OCT systems used in the above-
mentioned studies were limited to 15–20 µm and did not
allow reliable identification of smaller angle structures such
as the trabecular meshwork and Schwalbe’s line. Newer OCT
systems capable of producing axial resolutions of 1–5 µm are
now available [20, 21]. This marked increase in resolution is
due to the combination of broader bandwidth and shorter
wavelength.

The 840 nm FD-OCT systems discussed in this paper
had an axial resolution of 5 µm and were able to visualize
details of the anterior segment that could not be resolved
with previous OCT systems [14, 16]. These details include
the Schwalbe’s line, Schlemm’s canal, trabecular meshwork,
and aqueous collector veins (Figures 1–6). As an example,
we used both the 840 nm RTVue FD-OCT (Optovue, Inc.
Fremont, CA, USA) and the 1310 nm Visante TD-OCT
(Carl Zeiss Meditec, Inc.; Dublin, CA) to image the same
anterior chamber angle location of a normal volunteer. We
then compared the resulting images (Figure 1). The 1310 nm
Visante OCT had better penetration than the RTVue and
could visualize both scleral spur and angle recess. The
device’s resolution, however, prevented visualization of fine
anatomical structures such as Schwalbe’s line, Schlemm’s
canal, and trabecular meshwork. By contrast, the higher
resolution 840 nm RTVue OCT image showed Schwalbe’s
line, trabecular meshwork, Schlemm’s canal, and scleral spur
(Figure 1), but provided limited visualization of the angle
recess. In summary, the Visante provided a wider field of

view and better penetration, but with lower resolution, while
the RTVue provided higher-resolution information on a
narrower portion of the anterior chamber. Wylegała et al.
[22] reported similar observations in a 2009 study comparing
the results of anterior segment imaging with the RTVue and
the Visante.

The study examined 54 eyes and compared measure-
ments of central corneal thickness (CCT), trabecular-iris
area (TISA), angle opening distance at the scleral spur (AOD-
SS), and anterior segment morphology. Upon comparing the
mean values of the CCT, TISA, and AOD-SS measurements
obtained using the RTVue with those obtained using the
Visante, Wylegała et al. found no statistically significant
difference between the measurements. There was, however,
a difference in the amount of anatomic detail contained in
the images. The study found that the RTVue images showed
structures, such as Bowman’s layer and Schlemm’s canal,
which could not be visualized with the Visante.

3. Schwalbe’s Line-Based Quantitative Angle
Assessment with High-Resolution FD-OCT

Schwalbe’s line represents the termination of Descemet’s
membrane and is approximately 500–750 µm anterior to
the scleral spur. The distance between Schwalbe’s line and
the scleral spur represents the trabecular meshwork and
the aqueous humor filtration distance. Schwalbe’s line was
proposed as an anatomical landmark because it could be
consistently identified in 840 nm FD-OCT images. Several
research groups recommended measuring angle opening dis-
tance at the Schwalbe’s line (AOD-SL) for quantitative angle
assessment [23–25]. Further, AOD-SL has demonstrated
good repeatability and strong correlation with gonioscopic
grading.

Cheung et al. [24] recruited 73 participants from glau-
coma clinics at the Singapore National Eye Center. Each
participant underwent dark-room gonioscopy, and the angle
was graded in four quadrants (superior, inferior, nasal,
and temporal) using the modified Shaffer grading system.
Each quadrant was defined as occludable if the posterior
trabecular meshwork was not visible. OCT imaging was
performed on the nasal and temporal quadrants of each eye
using the Cirrus HD-OCT model 4000 (software version
3.0, Carl Zeiss Meditec, Dublin, CA, USA). An external
fixation light was used to guide each patient’s fixation
to the side of the OCT instrument during imaging. The
illumination conditions of the room during scanning were
not reported. One eye from each subject was selected ran-
domly for statistical analysis. Schwalbe’s line was identified
in 95% of angle scans. The AOD-SL measurements showed
consistent interobserver and intraobserver reliability with
intraclass correlation coefficients of 0.979 and 0.988, respec-
tively. There was also strong correlation between AOD-SL
measurements and gonioscopic grading, with a Spearman
correlation coefficient of 0.709. The occludable angle AOD-
SL measurements ranged from 94 µm to 172 µm, and the
nonoccludable angle AOD-SL measurements ranged from
286 µm to 347 µm. Although Cheung et al.did not report a
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diagnostic cutoff for occludable angle, based on these results
one could be estimated at approximately 230 µm.

In a similar study, Qin et al. [25] recruited 35 glaucoma
patients from the Doheny Eye Institute at the University
of Southern California, Los Angeles, California, USA. Each
subject underwent dark-room gonioscopic examination and
a modified Shaffer grade was recorded for each of four
quadrants. An occludable angle was defined as Grade 1
or lower in all quadrants. Angle scans were performed
under standardized dim illumination conditions (6.6 foot
candles) using the RTVue FD-OCT (Optovue, Inc., Fremont,
CA, USA). Schwalbe’s line was visualized in 97.7% of eyes
scanned. Qin et al. also reported good repeatability for AOD-
SL measurements with intraobserver coefficients of variation
ranging from 9.8% to 12.0% and interobserver coefficients
of variation ranging from 10.1% to 13.3%. Spearman’s
rho analysis showed strong correlation between AOD-SL
measurements and gonioscopic grading with correlation
coefficients of 0.80 for nasal angles and 0.81 for temporal
angles. The occludable angle AOD-SL measurements ranged
from 0 µm to 350 µm, and the nonoccludable angle measure-
ments ranged from 192 µm to 922 µm. Qin et al. determined
a diagnostic cutoff value for occludable angle of 290 µm by
performing receiver operating characteristic (ROC) analyses.

4. Postoperative Angle Imaging with FD-OCT

Surgical intervention is an important aspect of glaucoma
management. Pre- and post-operative angle imaging with
FD-OCT is useful for documenting and evaluating surgery
outcomes. For example, using FD-OCT to image the angle
both before and after laser peripheral iridotomy made it
possible to document the resulting angle morphological
changes (Figure 5) [26]. This technology was also used to
evaluate filtering blebs and demonstrate subconjunctival
filtration after trabeculotomy [27], and to confirm the
excision of trabecular tissue after trabectome treatment
(Figure 6) [26]. OCT is also used to examine iridotrabecular
contact as a peripheral anterior synechia after penetrating
keratoplasty [28].

5. Conclusion

High-resolution 840 nm FD-OCT is capable of providing
angle images with fine anatomical structures. Studies showed
that the Schwalbe’s line could be identified in over 95%
of FD-OCT angle scans. In addition, measurements of the
angle opening distance at the Schwalbe’s line were shown
to have good repeatability and strong correlation with
gonioscopic assessments. Quantitative angle measurements
using Schwalbe’s line as the anatomical landmark may help
clinicians to better assess and manage narrow-angle glau-
coma. Based on gonioscopic correlation, studies so far
indicate the AOD-SL diagnostic cutoff for occludable angle
is between 230 µm and 290 µm. Therefore, measurement
of angle opening distance with FD-OCT may be useful in
the assessment of angle closure risk. After filtration surgery,

FD-OCT is also a useful tool for postsurgical evaluation of
angle structures.

Conflict of Interests

D. Huang and Y. Li have a significant financial interest in
Optovue, Inc. (Fremont, CA, USA). D. Huang also has a sig-
nificant financial interest in Carl Zeiss Meditec, Inc. (Dublin,
CA). Optovue and Carl Zeiss Meditec are companies that
may have a commercial interest in the results of this research
and technology. This potential conflict of interest has been
reviewed and managed by OHSU. M. Bald has no financial
or proprietary interest in any material or method mentioned.

Acknowledgments

The authors would like to acknowledge the financial support
of National Institute of Health grant R01 EY018184, a
research Grant from Optovue, Inc., and an unrestricted grant
from Research to Prevent Blindness.

References

[1] D. Huang, E. A. Swanson, C. P. Lin et al., “Optical coherence
tomography,” Science, vol. 254, no. 5035, pp. 1178–1181, 1991.

[2] M. R. Hee, J. A. Izatt, E. A. Swanson et al., “Optical coherence
tomography of the human retina,” Archives of Ophthalmology,
vol. 113, no. 3, pp. 325–332, 1995.

[3] E. A. Swanson, J. A. Izatt, M. R. Hee et al., “In vivo retinal
imaging by optical coherence tomography,” Optics Letters, vol.
18, no. 21, pp. 1864–1866, 1993.

[4] J. A. Izatt, M. R. Hee, E. A. Swanson et al., “Micrometer-scale
resolution imaging of the anterior eye in vivo with optical
coherence tomography,” Archives of Ophthalmology, vol. 112,
no. 12, pp. 1584–1589, 1994.

[5] N. Koop, R. Brinkmann, E. Lankenau, S. Flache, R. Engelhardt,
and R. Birngruber, “Optical coherence tomography of cornea
and anterior segment of the eye,” Ophthalmologe, vol. 94, no.
7, pp. 481–486, 1997.

[6] M. J. Maldonado, L. Ruiz-Oblitas, J. M. Munuera, D. Aliseda,
A. Garcı́a-Layana, and J. Moreno-Montañés, “Optical coher-
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Purpose. This cross-sectional, observational study used Fourier-domain optical coherence tomography (OCT) to examine the
position, patency, and the interior entrance site of anterior chamber (AC) aqueous tube shunts. Methods. The OCT, slitlamp
biomicroscopy, and gonioscopy findings of 23 eyes of 18 patients with AC shunts were collected and compared. Results. OCT
images demonstrated the shunt position and patency in all 23 eyes, and the details of the AC entrance in 16 eyes. The position of
the tube varied, with the majority (14/23) on the surface of the iris. The exact position of the AC entrance relative to Schwalbe’s
line (SL) could be determined in 9 eyes (posterior to SL in 7 eyes, anterior in 2 eyes). At the AC entrance, growth of fibrous scar
tissue was present between the tube and the corneal endothelium in all 16 eyes in which the entrance could be clearly visualized.
It’s a new finding that could not be visualized by slitlamp examination or lower resolution OCT. Conclusion. Compared to slitlamp
examination, Fourier-domain OCT of AC tube shunts provided more detailed anatomic information regarding the insertion level
relative to SL, scar tissue between the tube and the corneal endothelium, and patency of the tube opening.

1. Introduction

Anterior chamber (AC) aqueous tube shunt surgery im-
proves intraocular pressure (IOP) control in glaucoma pa-
tients. Initially used as a treatment for refractory glaucoma,
its use is now more widespread [1–3]. One of the possible
complications of tube shunt surgery, however, is corneal
endothelial cell loss which may lead to corneal decompen-
sation [4–6]. The exact mechanism for this is unclear, with
the leading theories being turbulent aqueous flow around
the tube or intermittent touching between the tube and the
cornea [4, 7]. In addition to the easily recognized direct
touch of the corneal endothelium by the tube tip, the site
where the tube enters the AC may also be a location of

corneal endothelial contact and damage. In cataract surgery,
the location of the incision is one of the factors that induce
endothelial cell changes and decrease cell density [8, 9].

While there are many studies in which optical coherence
tomography (OCT) has been used to image the anterior
segment of the eye [10–14], only two have focused on aque-
ous tube shunts. In those reports, a time-domain OCT
with limited resolution, 17 µm full-width-half-maximum
depth, was used to identify aqueous tube shunt patency and
position in the presence of corneal opacities [15, 16]. Due
to the relatively low resolution, fine structures such as the
corneal endothelium and trabecular meshwork could not
be visualized, and the level of the tube entry relative to
Schwalbe’s line could not be established [16]. In this study,
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we used a Fourier-domain OCT system with higher speed
and resolution (5 µm). The current study evaluates the
position of the tube shunt relative to Schwalbe’s line, as well
as patency of the tube opening.

2. Methods

2.1. Data Collection. Patients that had previously undergone
AC aqueous tube shunt implantation (Baerveldt Glaucoma
Implant 350, Abbot Medical Optics, Inc., Santa Ana, CA,
USA) by one surgeon (BAF) and were seen in followup at the
Glaucoma Service of the Doheny Eye Institute (Keck School
of Medicine, University of Southern California, Los Angeles,
CA, USA) between July and September 2009 were included.
Clinical data as well as slit lamp findings were collected
from patient records, and gonioscopy was performed on
all patients. OCT images of the shunts were acquired and
analyzed and compared to slit lamp findings. Approval
for data collection and analysis was obtained from the
Institutional Review Board of the University of Southern
California, and the research adhered to the tenets set forth
in the Declaration of Helsinki.

2.2. Optical Coherence Tomography. Longitudinal imaging
of the shunt was performed with a commercially available
Fourier-domain OCT system, the RTVue (Optovue, Inc.,
Fremont, CA, USA). The system functions at 830 nm wave-
length and is capable of 26,000 axial scans per second. It
achieves a full-width-half maximum axial resolution of 5 µm
in tissue. The Corneal Adaptor Module-Long lens (Optovue,
Inc.) was designed to provide telecentric scanning so that
the OCT beam remains parallel to the central axis across
the transverse scan range. This lens allows the acquisition
of anterior segment images with a transverse resolution
(focused spot size) of 15 µm [17]. All of the images were
acquired by a single ophthalmologist (CHJ).

High-resolution scan mode (1024 A-scans) was used with
the scan line parallel to the axis of the aqueous tube shunt.
The tissue scan depth was 2.0 mm, and the scan length was
6 mm. The OCT system acquired 16 line scans consecutively.
These scans were registered, and the image frames were
averaged to enhance signal strength and suppress speckle
noise.

2.3. Measurement. Using the two-dimensional image re-
corded by the RTVue, the length of corneal endothelium
covered by fibrous proliferation was measured with the
software caliper tool provided by the instrument. It was mea-
sured between the anterior edge of the fibrous tissue on the
corneal endothelium to Schwalbe’s line. The distances were
automatically calculated after these two caliper points were
manually located.

2.4. Statistical Analysis. All data were analyzed using the
Statistical Package for the Social Sciences software (version
13.0k, SPSS Inc, Chicago, IL, USA). Descriptive statis-
tics were calculated as means and standard deviations. A
Wilcoxon rank test was used to compare the followup period
between patients in which the inner limbal entrance could or

could not be visualized. The value of P < 0.05 was deemed to
be statistically significant.

3. Results

3.1. Patient Enrollment and Demographics. The study cohort
included 18 consecutive patients (23 eyes) who received AC
aqueous shunt implants at the Doheny Eye Institute by one
surgeon (BAF). The patients included 6 females and 12 males
with a mean age of 70.8 ± 14.9 years (range: 37–89 years).
Self-reported ethnic backgrounds included 8 Hispanic, 5
Caucasian, and 5 Asian. For the 23 eyes, 13 were diagnosed
as primary open angle glaucoma (POAG), 5 as chronic angle
closure glaucoma (CACG), and 5 as neovascular glaucoma
(NVG). At the time of their visit, patients were using 2.0 ±
1.0 (range 0–4) topical glaucoma medications. With this
treatment, IOP was less than or equal to 16 mmHg except
in all but one patient, for whom it was 47 mmHg. The IOP
ranged from 4 to 47 mmHg with a mean of 14.0± 8.4 mmHg.
Visual acuity ranged from 20/30 to hand motion, with a
median of 20/200. Optic nerve cup to disc (C/D) ratio was
0.88± 0.14 (range: 0.5 to 0.99). Six eyes were phakic, 16 eyes
were pseudophakic, and one was aphakic. Conjunctival blebs
were clinically evident in 19 eyes, and there was no bleb, or
the bleb was unable to be visualized due to the upper eyelid
in 4 eyes. The cornea was clear in 22 eyes, including 2 with a
history of penetrating keratoplasty (PKP), and edematous in
the one eye with 47 mmHg IOP and a history of PKP.

3.2. OCT Findings of the Aqueous Tube Shunt. OCT imaging
demonstrated the position and patency of the shunt in all
23 eyes. Details of the AC entrance were evident in 16 eyes,
and the precise position of the tube shunt entry relative to
the Schwalbe’s line was visualized in 9 eyes. The position
of the tube inside the anterior chamber varied. It was lying
on the anterior surface of the iris in 14 eyes (Figure 1(a)),
between the cornea and iris in 4 (Figure 1(b)), partially
indenting the iris in 2 (Figure 1(c)), and disrupting the
corneal endothelium at its entrance in 3 (Figure 1(b)). As
visualized by OCT, the tube position was different from that
determined by slit lamp examination in 2 eyes. Slit lamp
biomicroscopy found one shunt close to the cornea and
another touching the cornea, while OCT found that both
tubes were well away from the corneal endothelium, between
the iris and the cornea.

Based on OCT imaging, the tip of the shunt was patent
(Figure 1) in 18 eyes, completely blocked (Figures 2(a) and
2(e)) in another 2 eyes, and partially blocked (Figure 2(c))
in 3 eyes. In the 4 of the 5 eyes with an abnormality at the
tip, IOP was within normal range. It was extremely high,
47 mmHg, in the one where the tip was totally blocked.
Compared to the other eyes, the 5 eyes with shunt tip
abnormalities were not associated with high IOP (P = 0.539)
or more glaucoma medications (P = 0.144). The incidence
of abnormal findings was higher in CACG eyes than in
POAG eyes (P = 0.034, Table 1). Both OCT and slit lamp
examination detected tube blockage in the one case with
extremely high IOP (Figure 2(a)). The other instances of
tube blockage found by OCT were not detected by slit lamp
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examination and did not result in elevated IOP (Figures 2(c)
and 2(e)). Compared to slit lamp biomicroscopy, 4 eyes had
new findings by OCT including the tip indenting into the iris
in 2 eyes, tip blocked in one, and partially blocked in another.

In 16 of 23 eyes, details of the inner entrance were
evident by OCT, including the position of the tube shunt
relative to Schwalbe’s line (Figures 1(b) and 3) in 9 eyes.

Figure 3

Table 1: Incidence of abnormal findings at shunt tips in different
types of glaucoma.

POAG CACG NVG

Abnormal cases 0 4∗ 1

Total cases 13 5 5

POAG: primary open angle glaucoma, CACG: chronic angle closure glau-
coma, NVG: neovascular glaucoma. ∗P = 0.034 compared to POAG.

However in 7 eyes, OCT was unable to image the internal
limbal entrance of the tube (Figure 4). Imaging of the inner
entrance was apparently blocked by shadowing from the
pericardium or scleral patch graft at the external limbus.
These 7 eyes had a shorter average period (2.1± 1.6 months)
between the implantation surgery and the study visit. For the
other 16 eyes in which the inner entrance was imaged, the
followup interval between surgery and imaging was 23.7 ±
23.6 months (P < 0.001).

In all 16 eyes in which the inner entrance was visualized
(Figures 1 and 3), fibrous proliferative tissue was attached to
the corneal endothelium around the inner entrance of the
tube and, in some cases, the iris. In only one of them, this
proliferation was recorded by the slit lamp as an unspecified
white tissue at the level of the inner cornea or corneal
endothelium. The clinical impression from the slit lamp
exam was a corneal opacity as a sign of touching between
the tube and the cornea and early corneal decompensation.
However, the OCT showed that the tube entry was posterior
to Schwalbe’s line and that the observation instead repre-
sented fibrous tissue at the tube entry site.

The distance of corneal endothelium covered by prolif-
erative fibrous tissue was 518.3 ± 291.0µm (n = 16; range:
251–1130 µm). The relative position of the tube shunt was
posterior to Schwalbe’s line in 7 eyes and anterior to it in
2 eyes (Figures 1 and 3). There were no differences in the
IOP and glaucoma medications with regard to the positions
relative to Schwalbe’s line (P = 0.586 and 0.540, resp.).

4. Discussion

In this cross-sectional observational study, we analyzed the
OCT images of 23 eyes with aqueous tube shunts to study
the details of the position, patency, and the inner entrance
of the tube. In our study, the use of high-resolution 830 nm
Fourier-domain OCT enabled the visualization of the fine
structural details of the inner entrance of aqueous tube
shunts in the anterior chamber. To our knowledge, this is
the first study of this kind. In many cases, the location of the
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inner entrance could be localized to either anterior or poste-
rior to Schwalbe’s line. Entrance anterior to Schwalbe’s line
was associated with disruption of the corneal endothelium.
In addition, fibrous proliferative tissue attaching the tube to
the corneal endothelium around the entrance was present in
all eyes.

In our analysis, most tubes were clear from the cornea
and lay on or near the surface of the iris. The mechanism
for corneal decompensation with aqueous tube shunts is not
fully understood, but endothelial contact at the entry site
may be a risk factor [4, 7]. A previous study showed that
the distance between the tube and the cornea was not related
to the dropout of the endothelium [18], but intermittent
touching of the corneal endothelium due to blinking and
rubbing of eyes cannot be ruled out [19]. However, pre-
vious studies in phakic intraocular lens patients showed
that corneal endothelial dropout is related to the distance
between the lens implant and cornea, and they also showed
intermittent touching of the corneal endothelium by the
intraocular lens [20–22]. These patients were highly myopic
and tended to have a deeper anterior chamber than many
glaucoma patients, and the shunt is more flexible than the
intraocular lens. So placement of the tube as far from the
cornea as possible is likely to be important, with the best
location near the surface of the iris. Using OCT, the distance
between the tube or tube tip and the corneal endothelium
can be measured but is sometimes difficult due to the limited
scan range of 1.8 mm with RTVue-CAM. Further study with
long-term followup is required to draw a correlation between
the tip to corneal endothelium distance and endothelial cell
dropout.

The occlusion of the tube tip has been reported by others
[23]. Theoretically, if the aqueous outflow was blocked, there
should be no posterior filtering bleb. However, in one of our
two cases with apparent total blockage, the bleb was still
present and the IOP was controlled, indicating that there
must have been a small communication at the tip of the tube.

In the case with partial blockage, one OCT scan showed the
tip completely blocked by a membrane while another scan
showed that a small cleft was present in the membrane that
allowed the outflow of the aqueous. Thus, it is important to
acquire more than one longitudinal cross-sectional scan to
avoid missing such important information. The 3D mode
might be helpful in such cases, as it takes a series of scans
instead of one. Alternatively, the physician him/herself may
need to perform the scan to see the real-time display of many
sections through the tube rather than just look at one section
recorded by a technician.

Because of the high resolution of OCT, the fine structure
of the inner limbal entrance was also imaged in our study.
The entrance in patients with a longer term of followup
was more easily visualized. This may be related to the
pericardium or scleral patch graft placed on the external
surface of the sclera adjacent to the limbus. Due to its high
density, it blocks the transmission of light that is used in OCT
exam. This tissue will thin and be partially absorbed with
time, so the entrance in patients with a long-term followup
is more likely to be visualized. To avoid corneal endothelial
trauma and possible corneal decompensation, the entry site
of the tube should be posterior to Schwalbe’s line.

In all 16 eyes in which the entrance could be clearly
visualized, some proliferative tissue was present around the
tube entrance, attaching the tube to the corneal endothelium.
This proliferation may cause additional damage via traction
on the endothelium or by blocking the nutritive elements of
aqueous from reaching the corneal endothelium. It is also
important to differentiate this finding from a corneal opacity
that may represent touch points between the tube and the
cornea and early decompensation.

There were several limitations to our study. The first
was its small sample size. Despite the many types of AC
shunts implanted clinically, only one kind of aqueous shunt
was studied here. As this was a cross-sectional study and
corneal endothelial density was not recorded, the relation-
ship between the endothelial density and the OCT findings
was not evaluated. Thus, further study with long-term
followup and more cases may determine the significance of
the OCT findings, including the position of the tube, location
of the entrance, and presence of fibrous tissue proliferation.

In summary, high-resolution Fourier-domain OCT was
used to evaluate the position of aqueous tube shunts in the
anterior chamber relative to the cornea and iris in all patients.
For patients with longer-term followup, details of the inner
limbal entrance were discerned. High-resolution OCT may
be useful in assessing tube patency, especially if occlusion is
suspected clinically. It may also be helpful to study corneal
complications by showing if the entry site is anterior or
posterior to Schwalbe’s line and providing measurements of
fibrous tissue along the endothelial surface and the distance
between the tube tip and endothelium.
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