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Abstract

The technology of optical coherence

tomography (OCT) has evolved rapidly from

time-domain to spectral-domain and

swept-source OCT over the recent years. OCT

has become an important tool for assessment

of the anterior chamber angle and detection

of angle closure. Improvement in image

resolution and scan speed of OCT has

facilitated a more detailed and comprehensive

analysis of the anterior chamber angle. It is

now possible to examine Schwalbe’s line and

Schlemm’s canal along with the scleral spur.

High-speed imaging allows evaluation of the

angle in 3601. With three-dimensional

reconstruction, visualization of the iris profiles

and the angle configurations is enhanced. This

article summarizes the development and

application of OCT for anterior chamber angle

measurement, detection of angle closure, and

investigation of the pathophysiology of

primary angle closure.
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Although gonioscopy is an indispensible

technique to visualize the angle structures and

estimate the angle width, objective and

reproducible measurement of the dimensions of

the anterior chamber angle can only be obtained

with cross-sectional imaging devices from

technologies such as ultrasound biomicroscopy

(UBM) and optical coherence tomography

(OCT). OCT has a number of advantages over

UBM for anterior chamber angle imaging. OCT

is a non-contact technique, has a higher image

resolution, and is more precise in locating the

position of interest for evaluation compared

with UBM. It is recognized, however, that UBM

has a unique role in visualizing the ciliary body.

Although early generations of OCT were

designed for imaging the macula and the optic

disc, commercially available time-domain and

spectral-domain models have been developed

for anterior segment imaging. Visualization of

the anterior chamber angle not only augments

the diagnostic performance to detect a narrow

angle and angle closure, but also improves our

understanding of the pathophysiology of

primary angle closure. This article provides an

overview and update on the development and

application of OCT for anterior chamber angle

imaging.

The time-domain OCT

Since the introduction of the prototype in 1991,1

OCT has become an important tool in

diagnosing macular diseases and glaucoma. Yet,

only a few studies attempted to evaluate the

anterior chamber angle in the 90s. Izatt et al2

reported the use of an OCT with a compact

830 nm superluminescent diode light source

mounted on a standard slit-lamp biomicroscopy

to image the anterior segment. It took B6 s to

capture an area of 7� 4.4 mm with a resolution

of 200� 500 pixels. Limited by a relatively

low-image resolution, the details of the angle

structures could not be clearly discerned. The

third generation of OCT, the Stratus OCT (Carl

Zeiss Meditec, Dublin, CA, USA), was

commercially available in 2002. It has a faster

scan speed (400 A-scans per s) and a higher

axial resolution (10 mm) compared with the

early OCT versions, including the prototype

OCT, OCT 1 (Carl Zeiss Meditec), and OCT 2000

(Carl Zeiss Meditec). Leung et al illustrated the

application of the Stratus OCT to investigate the

dynamic changes of angle configurations in

patients with primary angle closure, plateau iris

configuration, and phacomorphic glaucoma.3

Widening of the angle and flattening of the iris

were demonstrated after laser iridotomy and
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argon laser peripheral iridoplasty (Figure 1a and b).

Similar observation was subsequently reported with

other OCT systems specifically designed for anterior

segment imaging.4–6 Although the configuration of the

peripheral iris in relation to scleral–corneal junction

could be examined with the Stratus OCT, the scleral spur,

an anatomical landmark for measurement of the angle

width and evaluation of angle closure, was not visible.

The relatively short wavelength of the super luminescent

diode (820 nm) in the Stratus OCT limits tissue

penetration and scattering at the limbus impedes

detailed analysis of the angle.

The Visante OCT and the SL-OCT

Two commercially available anterior segment OCT

systems, the Visante OCT (Carl Zeiss Meditec) and the

SL-OCT (Heidelberg Engineering, GmbH, Dossenheim,

Germany), were, respectively, introduced in 2005 and

2006. With a wavelength of 1310 nm, both instruments

showed an improvement of tissue penetration through

the sclera (Figure 1c and d). The instrument

specifications are similar between the two OCT systems

(Table 1). Both OCTs are capable of imaging the anterior

segment with dimensions of 15–16 mm in width and

Figure 1 Imaging of the anterior chamber angle with the Stratus OCT (Carl Zeiss Meditec) in an eye with primary angle closure before (a)
and right after (b) laser iridotomy. The resulting anterior chamber inflammation after laser iridotomy can be visualized as scattering
reflective signals. Although the configuration of the iris and the angle can be examined with the Stratus OCT, the scleral spur could not be
detected. With the advent of the anterior segment OCT, visualization of the scleral spur is improved. Examples of clear appearance of the
scleral spur in the Visante OCT (Carl Zeiss Meditec; c) and the SL-OCT (Heidelberg Engineering, GmbH; d) images are illustrated (N,
nasal; T, temporal). Arrows indicate the locations of the scleral spur. (Modified from Figure 1 in Leung et al3 and Figure 1 in Leung et al.17)

Table 1 Comparison of commercially available OCT systems for anterior chamber angle imaging5

Stratus OCT Visante OCT SL-OCT RTVue FD-OCT Cirrus HD-OCT CASIA OCT

Manufacturer Carl Zeiss

Meditec

Carl Zeiss

Meditec

Heidelberg

Engineering

Optovue Carl Zeiss

Meditec

Tomey

Year Available 2002 2005 2006 2006 2007 2008

Light Source Superluminescent

Diode 820 nm

Superluminescent

Diode 1310 nm

Superluminescent

Diode 1310 nm

Superluminescent

Diode 840 nm

Superluminescent

Diode 840 nm

Swept-source

laser 1310 nm

Axial Resolution 10mm 18 mm o25 mm 5 mm 5 mm o10 mm

Scan Size 6 mm (width)�
2 mm (depth)

16 mm� 6 mm 15 mm� 7 mm 2 mm� 2 mm (CAM-S)

6 mm� 2 mm (CAM-L)

3 mm� 1 mm 16 mm� 6 mm

(low resolution) 8 mm�
4 mm (high resolution)

Scan Speed 400 A-scans

per s

2000 A-scans

per s

200 A-scans

per s

26 000 A-scans

per s

27 000 A-scans

per s

30 000 A-scans

per s

Fixation Target

for Anterior

Chamber Angle

Imaging

External Internal and

External

External External External Internal and

External

Abbreviations: CAM-S, Cornea-Anterior Module Short; CAM-L, Cornea-Anterior Module Long; OCT, optical coherence tomography
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6–7 mm in depth and an axial resolution of

approximately 18–25 mm. A major difference between the

two devices is their scan speed, which is 2000 A-scans

per s for Visante OCT, and 200 A-scans per s for SL-OCT.

With a line scan of 256 and 215 A-scans, each image

frame takes 0.13 and 1.08 s for Visante OCT and SL-OCT,

respectively. Another difference is that the Visante OCT

has an internal fixation target to adjust for subject’s

refraction. Correction of refractive error is essential to

minimize the variability of pupil size and lens position

secondary to accommodation of the eye on measurement

of the angle.

Visibility of the scleral spur in anterior segment OCT

imaging

Precise location of the scleral spur is a pre-requisite for

reliable measurement of the angle. Parameters including

the angle-opening distance (AOD), trabecular iris angle

(TIA), angle recess area (ARA), and trabecular iris space

area (TISA) have been widely adopted to measure the

angle dimensions and all of them are measured with

reference to the scleral spur (Figure 2).7,8 However, the

scleral spur may not always be visible even with the

anterior segment OCT. In a clinic-based study, including

502 participants aged 50 years or older, Sakata et al9

showed the scleral spur was detected in 72% of the

Visante OCT images and that the superior and inferior

quadrants were less detectable compared with the nasal

and temporal quadrants. Using an ordinal scale to grade

the visibility of the scleral spur (2¼ clear visibility,

1¼moderate visibility, 0¼not detectable) at the 12 clock

hours imaged by the Visante OCT, Liu et al10 showed that

the inferior quadrant at 6 o’clock had the worst visibility

of the scleral spur (mean scleral spur visibility

score¼ 1.05±0.49), whereas the scleral spur was best

visualized in the nasal quadrant at 3 o’clock (mean

scleral spur visibility score¼ 1.66±0.46). Methods for

measurement of the angle independent of the scleral spur

have been proposed. Leung et al11 investigated an

automated edge detection algorithm to identify the

outlining boundaries of the iris and the scleral-corneal

junction at the anterior chamber angle. By fitting the

scleral-corneal junction and the iris surface with two

regression lines, the angle dimension can be measured.

This algorithm, however, may not work well in eyes with

a deep angle recess. With the advent of spectral-domain

OCT, the angle structures can be examined even greater

detail. Schwalbe’s line and Schlemm’s canal can now be

detected with spectral-domain OCT (Figure 3).12 These

structures could serve as useful landmarks to quantify

the angle.

Reliability of anterior segment OCT for measurement

of the angle

The anterior chamber angle can be outlined cross-

sectionally by the junction formed by the scleral-corneal

junction, the ciliary body and the peripheral iris. As the

configurations of iris and ciliary body vary with lighting

condition and accommodation of the eye, the dimensions

of the angle can only be measured reproducibly after

these covariates have been adjusted. Imaging the anterior

chamber angle in the dark is critical to detect angle

closure. It has been shown that the angle width is

inversely proportional to the pupil size and that the

diagnosis of angle-closure could be missed if assessment

is not performed in the dark.13 Likewise, changes in

pupil size and lens position during accommodation of

the eye can also influence the evaluation of the angle.

Previous studies have shown good repeatability and

reproducibility for measurement of AOD, TISA, ARA,

and TIA with anterior segment OCT.14–18 With the

lighting condition standardized and the refractive error

corrected using an internal fixation target, the intra-

session coefficient of variation of the angle width

measured with the Visante OCT was r7% and the inter-

session coefficient variation was r10%.15 The SL-OCT

Figure 2 Measurement of trabecular iris angle (TIA; a), angle-opening distance (AOD; b), trabecular iris space area (TISA; c), and
angle recess area (ARA; d). TIA 500 is defined as an angle measured with the apex in the iris recess and the arms of the angle passing
through a point on the trabecular meshwork 500mm from the scleral spur and the point on the iris perpendicularly. AOD 500 is
calculated as the perpendicular distance measured from the trabecular meshwork at 500 mm anterior to the scleral spur to the anterior
iris surface. The TISA 500 is an area bounded anteriorly by the AOD 500; posteriorly by a line drawn from the scleral spur
perpendicular to the plane of the inner scleral wall to the opposing iris; superiorly by the inner corneoscleral wall; and inferiorly by the
iris surface. ARA 500 is the area of the angle recess bounded anteriorly by the AOD 500. (Modified from Figure 2 in Leung et al.17)
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was equally reliable for measurement of the angles. In a

study comparing angle measurements between Visante

OCT and SL-OCT, the inter-observer coefficient of

variation ranged between 4.4 and 7.8%, and between

4.9 and 7.0%, respectively.17 Nevertheless, the

measurement agreement for the two instruments is poor.

The spans of 95% limits of agreement of the nasal/

temporal angle measurements between the instruments

were 437/531 mm, 0.174/0.186 mm2, and 25.3/28.01 for

AOD, TISA, and TIA, respectively.17

The spectral-domain OCT

The basic working principle of spectral-domain OCT is

similar to time-domain OCT.19,20 Both systems measure

the echo time delay of backscattered light signals via an

interferometer. In time-domain OCT, the depth

information of the retina is collected as a function of time

by moving the reference mirror. The reference mirror in

spectral domain OCT, in contrast, is stationary. The light

spectrum from the interferometer is detected by a

spectrometer. The interference spectrum data is then

fourier transformed to generate axial measurements. For

this reason, spectral-domain OCT has a much faster scan

speed (at least 20 000 A-scans per s) compared with

time-domain OCT.

The use of spectral-domain OCT for anterior segment

imaging was first described by Radhakrishnan et al in

2001.19 Using a semiconductor optical amplifier light

source at a wavelength of 1310 nm, they imaged the

anterior segment at a rate of 4–16 frames per s with an

axial resolution of 8 mm. Except for the ciliary body, the

angle configuration and the scleral spur were clearly

visible. Although at least eight commercially available

spectral-domain OCT models have been introduced for

imaging the optic disc and the macula since 2006, only a

few are equipped with additional lens system for

anterior segment imaging. By attaching the cornea-

anterior module (CAM), the RTVue FD-OCT (Optovue,

Fremont, CA, USA) can take an image with dimensions

of 6� 2 mm (CAM-L) or 2� 2 mm (CAM-S) at the angle

(Figure 3a). CAM-L has a lower magnification but a

wider field of view compared with CAM-S. The Cirrus

HD-OCT (Carl Zeiss Meditec) also allows anterior

segment imaging with the built-in 60-diopter aspheric

lens. The ‘anterior segment five-line raster’ is the

preferred scan protocol for the angle. The lines are 3 mm

in width and covering 1 mm in depth by default

(Figure 3b). Using a superluminescent diode laser

wavelength of 840 nm in both Cirrus HD-OCT and RTvue

FD-OCT, the scleral spur may not be clearly visible

although it is possible to identify the Schwalbe’s line in

most cases (Figure 3a and b). Wong et al12 showed that

the Cirrus HD-OCT was capable of detecting the scleral

spur in 78.9% and the Schawbles’ line in 93.3% of

quadrants in 45 individuals (a total of 90 nasal and

temporal quadrants) recruited from a glaucoma clinic. As

the current software of the RTVue FD-OCT (ver. 4.0) and

Cirrus HD-OCT (ver. 5.1) does not adjust for refraction at

the air-cornea and cornea-aqueous interfaces

(dewarping), imaging should be performed in a direction

perpendicular to the limbus to minimize the effect of

image distortion. Wylêgała et al21 compared RTVue

FD-OCT and Visante OCT for measurement of TIA and

AOD in 30 normal volunteers, and did not find any

significant differences between the instruments. The

Figure 3 An open anterior chamber angle imaged by the
RTVue FD-OCT (2� 2 mm) (Optovue; a), Cirrus HD-OCT
(3� 1 mm) (Carl Zeiss Meditec; b) and the CASIA OCT (8� 4
mm) (Tomey; c). Multiple B-scan averaging was performed in
RTVue FD-OCT (16 B-scans) and CASIA OCT (3 B-scans).
Schwalbe’s line-long arrow, scleral spur-short arrow, Schlemm’s
canal-*.
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measurement repeatability and reproducibility of RTVue

FD-OCT and Cirrus HD-OCT has not been reported.

With a poorer visibility of the scleral spur, the

measurement reliability for AOD, TIA, TISA, and ARA

might be inferior compared with Visante OCT and

SL-OCT. New parameters measured with reference to the

Schawbles’ line may be more useful to quantify the angle

dimensions with these devices.22

The swept-source OCT

The swept-source OCT is a form of fourier-domain OCT.

Instead of using a spectrometer as in spectral-domain

OCT, swept-source OCT uses a monochromatic tunable

fast scanning laser source and a photodetector to detect

wavelength-resolved interference signal.23,24 The CASIA

OCT (Tomey, Nagoya, Japan) is a commercially available

swept-source OCT designed specifically for anterior

segment imaging. The wavelength of the swept-source

laser is 1310 nm. The scan dimensions are up to 16 mm

(width)� 16 mm (length)� 6 mm (depth). With a scan

speed of 30 000 A-scans per s, it is feasible to collect a

series of 64 radial scans across the whole anterior

chamber in 1.2 s. With reconstruction of individual image

frames, a three-dimensional display of the iris and the

anterior chamber angle can be generated (Figure 4).

An advantage of the CASIA OCT is the ability to

visualize both the scleral spur and the Schwalbe’s line in

high-resolution scan mode (Figure 3c). These landmarks

represent the boundaries of the trabecular meshwork.

Being able to detect the location and measure the

dimension of trabecular meshwork may improve the

precision of angle measurements and detection of angle

closure. The current definitions of angle parameters are

made with an assumption that the trabecular meshwork

can be found at a distance approximately 500–750 mm

away from the scleral spur. This assumption has not been

validated. The measurement of trabecular meshwork

distance (the distance between the scleral spur and the

Schwalbe’s line) in relation to the peripheral iris might

provide a more reliable approach to quantify the angle.

The applications of OCT for investigation of primary

angle closure

OCT imaging has improved the diagnostic performance

to detect angle closure. Defining a closed anterior

chamber angle as the presence of any contact between

the iris and angle wall anterior to the scleral spur, Sakata

et al25 showed the Visante OCT detected a closed angle in

at least one-quadrant in 59% of the eyes but only 33% by

gonioscopy in a community clinic. In all, 71% of cases

with closed angles on OCT but open angles by

gonioscopy had a short irido-angle contact. The higher

proportion of quadrants identified as closed angles on

OCT imaging is likely related to the better visualization

of the peripheral iris in contact with the trabecular

meshwork. Half of the cases with open angles on OCT

but closed angles by gonioscopy were found to have a

steep iris profile. A false impression of angle closure may

result in these eyes by gonioscopy and tilting of the

goniolens often is needed to maximize the view of the

angles.

OCT imaging can provide mechanistic insights into the

pathophysiology of angle closure. The change from a

forward bowing to a flattening configuration of the

iris after laser iridotomy in eyes with angle closure

demonstrates the relief of relative pupillary block and

elimination of pressure gradient between the anterior

and posterior chambers.3–6 Widening of the angles has

been consistently reported after lens extraction signifying

the role of aging lens in contributing to angle closure and

Figure 4 The CASIA OCT (Tomey) is a swept-source OCT with a scan-speed of 30 000 A scans per s. The whole anterior segment can
be radially imaged in 64 cross-sections in 1.2 s. A closed angle (a, b) and an open angle (c, d) in cross-section (a, c) and in three-
dimensional display (b, d) are illustrated.
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supporting lens extraction as a treatment option in

management of primary angle closure glaucoma.26–29

The measurement of the scleral spur to scleral spur

distance with OCT, or the anterior chamber width, has

been recently shown to be a risk factor of angle closure.30

Leung et al31 compared the anterior chamber width,

anterior chamber depth, iris thickness, and angle width

measured with an anterior segment OCT between

Chinese and Caucasian eyes. In agreement with the

finding from an epidemiology study,32 the axial length

was not significantly different between the two ethnic

groups. More important, the anterior chamber width was

found to be shorter in Chinese than in Caucasian eyes

even after adjustment of the anterior chamber depth.

In other words, the iris-lens diaphragm is more

anteriorly located in Chinese. This finding might explain

in part the ethnic differences in development of primary

angle closure and angle closure glaucoma.

In addition to the anterior chamber width,

measurement of the iris has also shown to be important

in determining the risk of angle closure.33–37 Aptel and

Denis34 estimated the iris volume by capturing four

cross-sectional images of the anterior segment at

451-intervals. They showed that iris volume increased

from B45 mm3 to 50 mm3 after pharmacologic mydriasis

in the fellow non-attacked eyes of patients with history of

acute primary angle closure. In contrast, in normal eyes

with open-angles, iris volume decreased from B44 mm3

to 38 mm3 after pupil dilation. It has been proposed that

differences in iris connective tissue and permeability of

the iris stroma to aqueous may account for the

differences in volume change in eyes with closed angles

and open angles.38 The expansion in iris with dilation

may block aqueous drainage at the angle and predispose

to angle closure. Wang et al36 measured iris curvature, iris

area, and iris thickness with the Visante OCT and showed

that these parameters were independently associated

with narrow angles. Cheung et al studied the dynamic

changes of iris configuration with real-time video capture

using the Visante OCT. They found the iris in eyes with

narrow or closed angles consistently remained in an

anteriorly convex configuration in both light and dark

conditions and that the iris curvature is an important

determinant of the angle width. With the advent of the

spectral-domain and swept-source OCT imaging

systems, iris volume and iris configuration can be

quantified in more details. This information would be

valuable in studying iris dynamics in relation to

development of primary angle closure.

Summary

Ultrahigh speed 1050 nm swept-source fourier-domain

OCT for anterior segment imaging is under development

and imaging at a speed of 100 000 to 400 000 axial scans

per s has been recently demonstrated.39 With the

development of high-resolution and high-speed OCT

imaging systems, angle structures including the scleral

spur, Schwalbe’s line and Schlemm’s canal can be

examined. The iris profiles and the angle configurations

can be visualized three dimensionally and evaluated for

3601. It is conceivable that OCT imaging of the anterior

segment could improve detection of angle closure and

provide mechanistic insights into the pathophysiology of

acute primary angle closure and angle closure glaucoma.
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