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Abstract

Primary angle-closure glaucoma, while less common than primary
open-angle glaucoma, carries a 4- to 5-fold greater risk of severe

visual morbidity. The identification of individuals at high risk of

the disease enables proactive rather than reactive intervention,
which helps mitigate the possibility of potentially serious
consequences. Recognition is facilitated by careful case history,
clinical examination, and ancillary imaging, while management

is an evolving paradigm, informed by numerous relatively recent
investigations, that may involve medications, laser procedures,
surgery, or a combination thereof. This series of 4 papers, drawing
upon relevant peer-reviewed literature, will endeavour to provide
a comprehensive yet focused synthesis and synopsis of the
contemporary diagnosis and management of primary angle-closure
glaucoma. This part will deal with ancillary imaging modalities,
including anterior segment optical coherence tomography and
quantitative anterior segment parameters.
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Qualitative Ancillary Imaging
Modalities: Photography

Documentation of angle status, much like docu-
mentation of optic nerve head status, can be facili-
tated by photography. Slit lamp photography can
provide incredibly high-resolution colour images of
the anterior segment but is technically challenging
and time consuming to perform.
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Automated software-driven 360° angle photo-
documentation is one means to address this barrier.
An instrument with a 16-mirror indirect gonioscope
lens can be used to capture sixteen 22.5° (2.0 x
2.36 mm) high-resolution colour photographs. Each
image is captured in 17 different planes to account
for variations in angle depth, with the most in-focus
used for analysis. These images may be reviewed
individually, or because they do overlap slightly, com-
bined in a circular or linear montage." While not a
replacement for traditional gonioscopy (being static,
2-dimensional, and not allowing for dynamic or com-
pression/indentation techniques), this standardized
approach can assist in documentation, facilitate com-
parison between quadrants, allow off-line as opposed
to only real-time analysis, and enable detection of
change over time, including post-treatment, through
the longitudinal evaluation of serial images.??
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Quantitative Ancillary Imaging
Modalities

Highly reproducible quantitative information can be
a helpful adjunct to qualitative gonioscopic assess-
ment, perhaps particularly in predicting risk of pro-
gression.* However, gonioscopy remains invaluable

4 Abbreviation List

ACA anterior chamber area

ACD anterior chamber depth

ACV anterior chamber volume

AOD angle opening distance

AOD, angle opening distance at the level
of Schwalbe’s line

APAC acute primary angle closure

ARA angle recess area

AS-OCT anterior segment optical coherence
tomography

CB ciliary body

IC iris curvature

ITC irido-trabecular contact

LPI laser peripheral iridotomy

LV lens vault

PAC primary angle closure

PACG primary angle-closure glaucoma

PACS primary angle-closure suspect

PAS peripheral anterior synechiae

SL Schwalbe’s line

SD-OCT spectral domain optical coherence
tomography

SS scleral spur

TIA trabecular-iris angle

TISA trabecular-iris space area

TISA;  trabecular-iris space area at the
level of Schwalbe’s line

™ trabecular meshwork

UBM ultrasound biomicroscopy /
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in identifying important features, including periph-
eral anterior synechiae (PAS), which can be difficult
to detect with current imaging modalities.>®

Ancillary imaging procedures — including ultra-
sound biomicroscopy, Scheimpflug imaging, and
most recently, anterior segment optical coherence
tomography — have identified numerous novel bio-
metric parameters that are risk factors for angle
closure.”® Like gonioscopy, control of fixation,
illumination, accommodation, and lid position are
critical to maintain globe position and prevent pupil-
lary constriction, allowing representative anterior
segment images to be obtained.>°

Ultrasound Biomicroscopy

Ultrasound biomicroscopy (UBM), introduced in
the late 1980s, is a non-invasive, 2-dimensional
imaging technique based on the reflection of
focused high-frequency (most commonly 50 MHz)
sound waves from tissues of differentimpedances.

UBM provides axial and lateral resolution of 25 ym
and 50 pm, respectively, and tissue penetration of
3 to 5 mm."? Penetration may be improved with
the use of lower frequencies, albeit at the expense
of poorer resolution. In fact, one of the greatest
strengths of UBM is its ability to penetrate the iris
pigment epithelium and image the ciliary body
(CB), which is of particular value in cases of pla-
teau iris (to be reviewed in more detail later in this
series).2 12

UBM can accurately identify narrow angles and
detects irido-trabecular contact (ITC) more often
than gonioscopy.''4

UBM was the first modality to quantify parameters,
including anterior chamber depth (ACD), angle
opening distance (AOD), and angle recess area
(ARA), among others. Many of these metrics will be
detailed in the review of anterior segment optical
coherence tomography (AS-OCT) to follow.'?15

By virtue of its ability to image structures posterior
to the iris, UBM is also able to quantify parameters
not possible with AS-OCT, including trabecular-
ciliary process distance and trabecular-ciliary pro-
cess angle, both of which are smaller in the pres-
ence of an anteriorly positioned CB that character-
izes plateau iris.®
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Figure 1. A swept-source anterior segment optical coherence tomography
image depicting the localization of the nasal and temporal scleral spur
(red arrows) and nasal and temporal Schwalbe’s line (blue arrows).

The scleral spur is characterized by a subtle change of curvature (or bump)
marking the insertion of the ciliary muscle about 500 ym posterior to the
trabecular meshwork. Schwalbe’s line marks the peripheral termination of
Descemet’s membrane, lying between the anterior trabecular meshwork and the

corneal endothelium.

Pre- and post-laser peripheral iridotomy (LPI) UBM
images are able to demonstrate an increase in
AOD and ARA, and a decrease in iris convexity due
to the successful elimination of pupillary block."
However, patients must be supine to allow the ultra-
sound probe to be immersed in a pre-corneal water
bath and fixate on a distant target with the fellow
eye to control accommodation. Ambient illumina-
tion must be low to control pupil size.”* Moreover,
inter-examiner repeatability can be problematic due
to inconsistency in probe positioning and manual
identification of important anatomic landmarks,
most often the scleral spur (SS).2

Scheimpflug Imaging

In conventional photography, the planes of the
lens, film, and focus are parallel. In Scheimpflug
imaging, tilting the plane of the lens to intersect
the other 2 planes extends depth of focus, allowing
simultaneous imaging of structures between the
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anterior cornea and posterior lens.’® The proto-
typical Pentacam instrument uses a 475 nm light
source and rotating Scheimpflug camera to acquire
multiple cross-sectional photographs and generate
a 3-dimensional model of the anterior segment.'®2

Scheimpflug imaging is able to quantify ACD and
anterior chamber volume (ACV) and their change
post-LPI or post-lens extraction, but does not allow
for direct visualization of the angle and is subject
to the influence of accommodation and lighting.?2
Moreover, it tends to show poor correlation with goni-
oscopy, particularly in narrow angles. Unlike UBM, it
is not able to image structures posterior to the iris.?’

Anterior Segment Optical Coherence
Tomography

AS-OCT uses low-coherence near-infrared interfer-
ometry to produce cross-sectional in vivo images,
allowing both qualitative and quantitative analyses.?
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Like gonioscopy, it is influenced by ambient light-
ing and accommodation.? Unlike gonioscopy,
there is little or no influence of inadvertent mech-
anical pressure but also no ability to easily perform
compression/indentation.?#2> However, synechial
and appositional angle closure may be differen-
tiated through dynamic imaging in light and dark
conditions (an angle with PAS will remain closed
regardless of ambient illumination), and swept-
source AS-OCT is able to detect PAS with a high
level of agreement with gonioscopy.?® Although
a horizontal scan is the most easily acquired and
most frequently analyzed, clinicians must be cogni-
zant that scans along vertical or oblique axes (akin
to gonioscopic examination of multiple quadrants)
may yield dramatically different and more repre-
sentative results.?’-?°

Despite affording already-impressive and ever-
improving scan resolution, width, and depth, none
of the AS-OCT modalities are currently able to
image structures posterior to the iris (or through
media opacities) as well as UBM.'2303! However,
AS-OCT is more user- and patient-friendly than
UBM and provides better repeatability and higher
resolution, particularly when multiple images are
sampled and averaged.'>% This allows more accur-
ate and precise identification of the SS, visualized
as a subtle change of curvature (or bump) marking
the extension of the brighter sclera (visible anterior
to the darker ciliary muscle) into the anterior cham-
ber at its junction with the posterior cornea (refer
to Figure 1).3® The SS is a critical landmark, given
that the trabecular meshwork (TM) is found about
500 ym anterior to it."%32

The prototypical 1,310 nm Zeiss Visante time
domain AS-OCT provides scan width of up to
16 mm (with 256 A-scans), depth of 8 mm, speed
of about 2,000 A-scans per second, and axial and
transverse resolution of about 18 um and 60 um,
respectively.?°

SS identification can be challenging with time
domain AS-OCT, with about 1 in 4 being indetermin-
ate, even when high-quality images are judged by
glaucoma specialists with an interest in angle clos-
ure.93435 The challenge can be even greater with
the shorter wavelengths (~840 nm) and decreased
penetration (~2 mm) and width (~3 mm) of spectral
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domain OCT (SD-OCT) (a device more commonly
used in private practice), particularly in eyes of indi-
viduals over the age of 65 years, in the superior and
inferior quadrants, and in the presence of any limbal
opacity overlying a narrow angle.®23¢-3 This may be
even more problematic if images of poorer quality
are assessed by practitioners with less experience.
Moreover, the inter-observer standard deviation in
SS localization can approach 100 pym, introducing
significant variability.? However, the higher scan
speed (from 27,000 to 100,000 A-scans per second)
and greater resolution of SD-OCT allows identifi-
cation of more anterior structures, including TM,
Schlemm’s canal, and Schwalbe’s line (SL).'23940

Swept-source AS-OCT using a tunable 1,310 nm
scanning laser provides scan width and depth
(16 mm and 6 to 14 mm, respectively) that rivals
dedicated time domain AS-OCT, and speed (30,000
to 200,000 A-scans per second) and axial and
transverse resolution (5 to 9 ym and 15 to 30 pm,
respectively) that exceeds it.#'** Increased scan
penetration allows for visualization of the poster-
ior surface of the crystalline lens and calculation
of lens thickness, although UBM is still superior in
visualizing the CB.*“ High-speed image acquisi-
tion (scanning 360° in less than 3 seconds) permits
simultaneous localization of both SS and SL (repre-
senting the posterior and anterior boundaries of the
TM), and reconstruction of an impressively detailed
3-dimensional image of the iris and angle structures,
allowing the area and angular subtense of PAS
to be accurately and precisely quantified, some-
thing that is virtually impossible with compression/
indentation gonioscopy.34¢

AS-OCT Versus Gonioscopy

Early comparisons suggested that both UBM and
AS-OCT were strongly correlated with gonioscopic
angle grade.*® However, others demonstrated that
AS-OCT detects 50% more appositional clos-
ure (defined as any ITC anterior to the SS) than
gonioscopy, perhaps by virtue of better control of
illumination and less physical manipulation of the
globe.*#¢ AS-OCT may also better characterize
anatomic variations between quadrants.*® It was
subsequently noted that about 15% of eyes may be
falsely categorized as having angle closure (using
gonioscopy as the reference standard) when 2180°
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ITC is detected using swept-source AS-OCT.*®
Many of these false-positives had short ITC involv-
ing only a portion of the TM. However, eyes with
more extensive AS-OCT-detected ITC at baseline
do have a greater risk of developing gonioscopically
detected angle closure over 4 years of follow-up.%'

A recent study demonstrated that only 1 in 3 eyes
with gonioscopic angle closure (defined as inabil-
ity to visualize posterior TM 2180°) had ITC 2180°
on swept-source AS-OCT, and 1 in 6 had abso-
lutely no evidence of ITC at all.>? This suggests that
gonioscopic angle closure may not always repre-
sent true anatomic angle closure (that is, posterior
TM may not be visible but remains unobstructed)
and highlights the potential role of AS-OCT in risk
stratification.

As has often proven to be the case in the world of
glaucoma (both open angle and angle closure), it is
not a question of one technique or another, it is one
technique and another.

AS-OCT Quantified Anterior Chamber
Parameters

AS-OCT has identified or refined numerous
novel quantitative parameters associated with an
increased risk of angle closure, most still hinging on
accurate subjective identification of the SS.10.11.3253

A smaller anterior chamber width (ACW) (defined
as the horizontal SS-to-SS distance, measured in
millimetres) is a risk factor for and a common find-
ing in eyes that are more susceptible to primary
angle-closure glaucoma (PACG), including those of
women, Chinese individuals, and individuals over
the age of 65 years.355

Mean anterior chamber area (ACA) and anterior
chamber volume (ACV) were found to be smaller
in eyes with narrow anterior chamber angles and
larger following LPIL.>3%° ACA is defined as the
cross-sectional area encompassed by the corneal
endothelium, anterior iris, and anterior lens in the
pupil, measured in square millimetres. ACV is cal-
culated by mathematically rotating the ACA one full
rotation around an axis through its midpoint, meas-
ured in cubic millimetres.

Both ACD and ACV decrease with age, which may
play a role in the pathogenesis of angle-closure

Canadian Journal of Optometry Vol. 88 No. 2
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disease. Between the ages of 20 and 80 years,
average ACD decreases from 3.2 0.3 mm to
2.5 +0.4 mm, and ACV from 2.32 +0.46 mm? to
1.52 +0.45 mm?3.%6%7 That being said, not all eyes
with shallow central ACD have an equivalent risk of
developing primary angle-closure disease. In some
eyes, the peripheral angle anatomy may be more
normal than the central ACD suggests, putting them
at relatively low risk of angle closure.?®

Smaller ACW, ACA, and ACV contribute to anterior
segment crowding and increase the risk of incident
angle-closure disease.” In fact, smaller ACA and
ACYV increase the odds of having a narrow angle by
40- to 50-fold.55:57:%8

First quantified by Pavlin in UBM studies, AOD is
defined as the length of a line between the anterior
iris surface and corneal endothelium, perpendicular
to the plane of the TM, at a fixed distance (often 500
or 750 ym) from the SS that is felt to correspond to
the location of the TM." AOD is known to be smaller
in individuals who progress from primary angle-
closure suspect (PACS) to primary angle closure
(PAC), is predictive of incident gonioscopic angle
closure, and increases following LPL.%% In fact,
horizontal AOD, ., may be the best single parameter
to detect gonioscopically narrow angles. A baseline
AOD,,, <300 um showed nearly 96% sensitivity and
65% specificity in identifying individuals at risk of
incident angle closure at 4-year follow-up.”37:58

The trabecular-iris angle, commonly referenced at
500 pum from the SS (TIA,,), is a measure of the
angle in degrees between the 2 lines connecting
the deepest part of the angle recess and the ends
of the line representing the AOD_, . The smaller the
AODSOO’

Defined as the triangular area between the anter-
ior iris surface, the posterior corneoscleral surface,
and the AOD, measured in ym, ARA is smaller in
individuals with angle closure and increases follow-
ing LP].53360

Effectively representing a portion of the ARA, the
trabecular-iris space area (TISA) is also smaller in
individuals who progress from PACS to PAC and
increases following LPI1.#553% TISA is defined as
the trapezoidal area bounded by the AOD (at 500
or 750 ym) anteriorly, a line between the SS and

500"
the narrower the TIASOO.59
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Figure 2. A diagram representing the relationship between angle opening

distance (AOD

500’

on left), trabecular-iris angle (TIA,,,, in centre), and

trabecular-iris space area (TISA,,, on right)
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The AOD, TIA, and TISA are all dependent on accurate and precise localization

of the scleral spur.

Figure 3. Despite having fairly symmetric angle opening distance

(AOD
(ARA

750
750)

), the temporal angle (on left) has a smaller angle recess area
than the nasal angle (on right), putting it at higher risk of closure

anterior iris perpendicular to the scleral wall poster-
iorly, the corneoscleral surface superiorly, and the
anterior iris surface inferiorly.

The relationship between AOD,,, TIA,, and
TISA,,, is shown diagrammatically in Figure 2.°'
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Refer to Figure 3 for an example of the influence of
peripheral iris contour on risk of angle closure. Note
that despite fairly symmetric AOD_;, the temporal
angle (on the left in this image) has a significantly
smaller ARA., putting it at higher risk of closure.

Canadian Journal of Optometry Vol. 88 No. 2
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Figure 4. Post-cataract or clear lens extraction

Note the presence of negative lens vault (blue arrow) and absence of irido-
lenticular/irido-intraocular lens implant touch (green arrows) even though the iris
margin is more posterior than its root.

Given that the SS can be difficult to visualize in nearly
1in 4 eyes, the measurement of AOD at the level of
Schwalbe’s line (AOD, ) has been proposed as an
alternative to metrics referenced to the SS.%? The
AOD, is the distance between SL (visible in >95%
of eyes as the inner junction between darker cor-
neal stroma and brighter sclera at the limbus; refer
to Figure 1) and the iris surface perpendicular to the
corneal endothelium. In fact, given that the length of
the TM shows significant inter-individual variability
and may be shorter in individuals with angle-closure
glaucoma than those without,** AOD, may be a bet-
ter measure of whether aqueous is able to access
the TM than AOD, , or AOD_.

Using SL as the landmark, trabecular-iris space
area at the level of Schwalbe’s line (TISA ) may
be calculated as the trapezoidal area bounded by
the AOD, anteriorly, a line between the scleral wall
and anterior iris drawn perpendicular to the scleral
wall an arbitrary 500 ym posterior to the SL, the
corneoscleral surface superiorly, and the anter-
ior iris surface inferiorly.** The ability of TISA, to
identify angle closure has proven comparable to

Canadian Journal of Optometry Vol. 88 No. 2

gonioscopy and both TISA_, and TISA,,,, again
with the advantage of SL being more readily identi-
fiable than SS in most SD-OCT images. Moreover,
by accounting for iris curvature posterior to the level
of SL (refer to Figure 3), TISA; may reflect angle
anatomy and the attendant risk of closure more
accurately than AOD .

Lens vault (LV) is defined as the perpendicular
distance between the anterior lens surface and a
horizontal line connecting the opposing SS (a proxy
for the posterior limit of the angle).®%® LV quantifies
the amount of crystalline lens in the anterior part of
the eye and is one of the strongest contributors to
reduced angle width. Baseline LV >0.56 mm was
nearly 65% sensitive and 84% specific in identifying
individuals who went on to develop angle closure at
4-year follow-up.*®

Eyes with PACG have significantly greater LV than
do healthy eyes (1.06 vs. 0.36 mm),% and individ-
uals in the quartile with the greatest LV are nearly
50 times more likely to have PAC than those in the
quartile with the lowest.® Mechanistically, greater LV
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Figure 5. A swept-source anterior segment optical coherence
tomography image depicting numerous anterior segment parameters

Parameters include anterior chamber width (ACW) and anterior chamber depth
(ACD), lens vault (LV), angle opening distance (AOD), trabecular-iris space
area (TISA), angle recess area (ARA), iris curvature (IC), and iris thickness (IT),
many of which are dependent on accurate and precise localization of the scleral
spur. Anterior chamber area is bound by the posterior cornea, anterior iris, and
anterior lens surface. Anterior chamber volume is calculated by rotating ACA
360° around a vertical axis through its midpoint.

forces the iris more anteriorly, potentially strength-
ening pupillary block and increasing risk of ITC and
incident angle-closure disease, independent of lens
thickness and ACD.5%3%

On AS-OCT imaging of eyes with greater LV, the iris
appears to drape over a large portion of the anterior
surface of the lens, what some have characterized
as a volcano-like configuration.®”

LV tends to increase with advancing cataract, may
decrease after LPI (further reducing the risk of per-
sistent pupillary block), and definitely decreases
after cataract or clear lens extraction (refer to Figure
4).%2858 Not surprisingly, patients with pronounced
LV tend to experience significant intraocular pres-
sure decrease following lens extraction.®”

The importance of LV was alluded to in the late
1990s, well before AS-OCT was on the scene,

20

when Salmon opined that “the most important bio-
metric feature predisposing to angle-closure glau-
coma is the relative forward position of the anterior
lens surface in relation to the iris root.”®

Iris curvature (IC) is increased in the presence of
pupillary block (reflecting iris bombe), and flattens
following LPI, contributing to an increase in ACA
and ACV.5%370|C is defined as the perpendicular
distance in millimetres between the posterior iris
surface at its point of greatest curvature and the 2
points marking the most peripheral and most cen-
tral iris pigment epithelium.

Greater AS-OCT quantified IC, iris area, and iris
thickness all crowd the angle and have proven to
independently increase the odds of an angle being
narrow by 2.5 to 2.7 times.”®"" Iris area is the cumu-
lative cross-sectional area of the iris from SS to pupil

Canadian Journal of Optometry Vol. 88 No. 2



margin. Iris thickness is measured at a fixed dis-
tance from the SS (commonly 750 and 2,000 pm)
or iris root (commonly 500 and 1,000 pm).

Further, increased peripheral iris thickness is more
commonly found in individuals over the age of 65
years, Asian individuals, and those with a history of
PACG.*"

Retrospective analysis of Zhongshan Angle
Closure Prevention Trial data identified smaller
angle width (narrow horizontal AOD,, and hori-
zontal TISA, , <0.05 mm?) and cumulative gonios-
copy score <6 at two weeks post-LPI as biometric
risk factors predictive of progression in LPI-treated
PACS eyes.” The cumulative gonioscopy score is
the sum of four quadrants of gonioscopic grades,
where grade 0 is no structures visible, grade 2 is
posterior TM visible, and grade 4 is CB visible.
This confirmed that the protective effect of LPl was
strongly driven by angle widening and suggests
that AS-OCT may be of more predictive value in
eyes with narrower pre-LPI angles, while gonios-
copy may be more helpful in eyes with wider (or
more variable) post-LPIl configurations. These
data also emphasized the importance of careful
angle assessment following LPI, ideally leveraging
both quantitative (AS-OCT) and qualitative (gonio-
scopic) testing, to better identify eyes at higher risk
of post-LPI progression and inform individualized
follow-up.™

A representative swept-source AS-OCT image
depicting ACW, ACD, LV, AOD, TISA, ARA, IC, and
iris thickness is presented as Figure 5.

Although static biometric (or anatomic) parameters
account for a great deal of the variability in angle
width, dynamic (or physiologic) changes in the
iris and choroid also play important roles.?*72 This
is highlighted by the fact that despite comparable
anterior segment anatomy, Asian eyes have a 5-fold
greater risk of PACG than do European eyes.”

As an example, whereas iris volume tends to
decrease with mydriasis in controls, it has been
shown to decrease less (or in some cases increase)
in individuals with angle closure, creating ITC and
physically obstructing the TM.”®"” It has been
hypothesized that iris density is increased and fluid
conductivity is impaired in eyes of individuals over

Canadian Journal of Optometry Vol. 88 No. 2
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the age of 65 years, those with a history of acute
primary angle closure (APAC), and those with fewer
radial iris crypts and more concentric iris furrows.”
In fact, the odds of APAC were nearly 9 times higher
in eyes with no iris crypts than in those with numer-
ous crypts.”®

Moving more posteriorly, choroidal expansion/effu-
sion (abnormal accumulation of fluid in the supra-
choroidal space, best visualized with UBM) in the
relatively rigid corneoscleral shell may cause an
anterior displacement of the vitreous, lens, and iris.
This can narrow the angle and precipitate APAC,
particularly in smaller hyperopic eyes with already
narrow angles and increased resistance to fluid flow
through the anterior vitreous.23°8' This mechanism
may be contributory to some presentations of iatro-
genic (medication-induced) APAC reviewed earlier,
including that secondary to topiramate.®?

Conclusion

PACG remains an important yet unfortunately and
unnecessarily an under-diagnosed cause of glau-
coma-related visual impairment. Through recog-
nition of risk factors, careful clinical assessment,
and the judicious use of evolving ancillary imaging
modalities, primary care optometrists can identify
this largely preventable disease of ocular anatomy
early in the angle-closure spectrum. This sets the
stage for effective medical, procedural, and surgical
intervention, means to the end of preventing vision
loss and preserving vision-related quality of life.
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