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ARTICLE INFO ABSTRACT

Keywords: Optical coherence tomography (OCT) provides non-contact, rapid in vivo imaging of ocular structures, and has
Optical coherence tomography become a key part of evaluating the anterior segment of the eye. Over the years, improvements to technology
Cornea have increased the speed of capture and resolution of images, leading to the increasing impact of anterior
Glaucoma segment OCT imaging on clinical practice. In this review, we summarize the historical development of anterior
:Etg?;lg():a:iirment segment OCT, and provide an update on the research and clinical applications of imaging the ocular surface,

cornea, anterior chamber structures, aqueous outflow system, and most recently anterior segment vessels. We
also describe advancements in anterior segment OCT technology that have improved understanding with greater
detail, such as tear film in dry eye disease evaluation, intra-operative real-time imaging for anterior segment
surgery, and aqueous outflow with angle assessment for glaucoma. Improvements to image processing and
software have also improved the ease and utility of interpreting anterior segment OCT images in everyday
clinical practice. Future developments include refinement of assessing vascular networks for the anterior seg-
ment, in vivo ultra-high resolution anterior segment optical coherence tomography with histology-like detail, en-

face image with 3-dimensional reconstruction as well as functional extensions of the technique.

1. Introduction

Optical coherence tomography (OCT) is a modality that uses low-
coherence interferometry to enable non-contact, in vivo imaging of
ocular structures (Huang et al., 1991). Since its introduction, OCT
imaging has become a key part of clinical evaluation of the cornea, and
the anterior eye segment. As improvements to the technology have
increased, e.g. the speed and resolution of the images captured, the
impact of anterior segment OCT (AS OCT) imaging on clinical practice,
has been rapidly increasing. Furthermore, OCT image-processing soft-
ware has now allowed for combination of multiple scans, 3-dimensional
reconstruction and accurate measurements. This allows for pre-
operative diagnosis where direct visualization may be difficult, intra-
operative real-time imaging that may affect surgical decisions, as well
as postoperative evaluation of disease progression and surgery out-
comes. The aim of this review is to summarize the historical and

technological development of AS OCT, and the above-mentioned clin-
ical applications of OCT imaging of the ocular surface, cornea, anterior
chamber structures, aqueous outflow system, and anterior segment
vascular supply. We also introduce novel developments in AS OCT,
which may have potential clinical applications in the future.

The OCT generates 2- or 3-dimensional tomographic images by
measuring the echo time delay of light backscattered from tissue
structures. For this purpose light from a low-coherence light source is
split into two paths with a beam splitter directing it into the two arms of
an interferometer (Fig. 1). In the reference arm, a mirror reflects the
light, while in the sample arm the light is back scattered by the tissue.
Optical components in the sample arm define the illumination prop-
erties such as shape, depth of focus, and intensity distribution of the
beam. In a tissue different structures have different refractive index.
Hence, light is backscattered at interfaces between layers of different
refractive index. The light returning from the reference and sample arm
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Fig. 1. Figure depicting various set-ups of the time-domain, spectrometer-based and swept-source anterior segment optical coherence tomography.

are recombined at the beam splitter and guided towards the detector.
Interferences occur only when the pathway between the two beams is
within the coherence length of the light source. For obtaining depth
resolution either time-domain (TD) or Fourier-domain (FD) solution
have been provided (Fig. 1). In TD OCT a scanning reference delay is
used while translating the mirror in the reference arm. The light is
collected with a point detector and depth resolution is achieved when
the reference mirror is moved at constant velocity. At different posi-
tions of the reference mirror different structures within the sample lead
to interferences. A complete travel of the reference mirror is called A-
scan in analogy to ultrasound technology. Whereas in TD OCT light
echoes are detected sequentially FD OCT collects modulations in the
source spectrum with all spectral components captured simultaneously.
In spectrometer-based FD OCT systems the light is spectrally analyzed
by using a spectrometer and a CCD line camera. As such the mirror in
the reference arm is static and an A-Scan is obtained with one camera
shot leading to higher acquisition rates. Acquisition speed of spectro-
meter-based systems is therefore limited by the read-out rate of the line
sensor. The wave number-dependent signal is transformed into the axial
scan information by using an inverse Fourier transform. Another FD
OCT technology is based on Swept-Source (SS) technology i.e. with this
light source the wavelength is rapidly swept within the laser allowing
for the use of a point detector and high acquisition rates up to several
MHz.

2. Optical coherence tomography of the anterior segment - history
and technical aspects

Soon after the introduction of OCT the technique was applied to the
anterior segment of the eye (Izatt et al., 1994). Using a TD system, the
authors were able to provide images of the anterior chamber, the
chamber angle, and the lens. In comparison with retinal OCT, further
refinement of the technique was progressing relatively slow. Whereas
early studies were done with custom-built systems, commercial OCT
systems designed for retinal imaging were adapted for anterior segment
imaging. As such approaches to image the anterior segment of the eye
were already done with the Zeiss Stratus OCT (Carl Zeiss Meditec,
Dublin, CA, USA) in the early 2000s (Feng et al., 2001; Kalev-Landoy
et al.,, 2007; Leung et al., 2005; Nozaki et al., 2002). In 2001, the
measurement of central corneal thickness using a commercially avail-
able TD OCT system was reported for the very first time (Bechmann
et al.,, 2001). In the same year, Radhakrishnan and co-workers pre-
sented a fourier-domain (FD) OCT system specifically designed for
anterior segment imaging, using a frame rate of 8 Hzat 500 A-scans
operating at a wavelength of 1310 nm (Radhakrishnan et al., 2001).
The system used telecentric scan geometry, allowing scan widths of up
to 15mm and scan depths up to 6 mm thereby enabling for wide-field
imaging. Due to an improved speed, real-time imaging of physiological
pupillary constriction in response to a light stimulus was made possible.
In contrast to retinal imaging, light sources in wavelengths around
1300 nm can be used for anterior segment imaging, because absorption

of this wavelength by water is less of a problem. The longer wavelength
has the advantage of deeper penetration into the tissue because of lower
scattering loss. Moreover, higher light powers can be used in this wa-
velength range because most of the light is absorbed by the vitreous and
does not reach the retina. The first commercial OCT systems specifically
designed for anterior segment imaging were the Zeiss Visante OCT™
(Carl Zeiss Meditec, Dublin, CA, USA) and the Slit-Lamp OCT (SL-OCT,
Heidelberg Engineering GmbH, Heidelberg, Germany), which were
United States Food and Drug Administration (FDA)-approved in 2005
and 2006 respectively. Both systems utilized TD OCT technology and
provided axial resolutions between 18 and 25pm. Since lasers at a
central wavelength of 1310 nm are used, the penetration depth is re-
latively high, which has the advantage of imaging deeper structures
such as scleral spur. However, a major drawback of the TD OCT relates
to the low A-scan rate (2000 A-scans/second with the Visante OCT
system, and 200 A-scans/second with the SL-OCT) and the lower sen-
sitivity when compared to FD OCT (Leitgeb et al., 2003). The Visante
OCT system was stand-alone whereas the SL-OCT had to be coupled to a
commercial Haag Streit Slit-Lamp.

Soon after the introduction of these systems, FD OCT scanners de-
signed for posterior pole imaging were brought to the market, offering
additional lens systems for imaging of the anterior segment. Even
though the FD OCT systems offer higher speed than the TD OCT systems
(> 25000 A-scans/s), the field of view was considerably smaller. For
the RTVue FD OCT (Optovue, Fremont, CA, USA), the cornea anterior
module (CAM) was available in two magnifications. Specifically, the
CAM-S scans an area of 2 X 2 mm, whereas the CAM-L allows for
scanning of 6 X 2 mm, but with lower resolution. The Cirrus HD-OCT
(Carl Zeiss Meditec, Dublin, CA, USA) has a built-in anterior segment-
imaging module, which uses a 60-diopter lens that allows the scanning
of a3mm X 1 mm area. Both systems use super luminescent diodes at a
wavelength of 840 nm and therefore the penetration depth is markedly
lower when compared to the TD systems introduced earlier. Recently,
Cirrus HD-OCT version 8 utilised a 15.5 X 5.8 mm angle-to-angle scan,
and achieved a scan depth of 5.8 mm in high resolution by overlapping
the source and mirror images. Spectralis (Heidelberg Engineering
GmbH, Heidelberg, Germany) also utilises an anterior segment module
for high definition angle-to-angle scans but to achieve this it sacrifices
the part of the corneal image. In the recent years other spectrometer-
based OCT system such as Envisu (Bioptigen Inc., Research Triangle
Park, NC, USA) and the Copernicus HR (Optopol Technologies SA,
Zawiercie, Poland) allowing for anterior segment imaging have also
been brought to the market.

In 2008, the first swept-source (SS) FD OCT was brought to the
market. The Casia SS OCT (Tomey, Nagoya, Japan) uses a 1310 nm
swept-source laser as light source and was specifically designed to scan
the anterior segment. The scanning area is as high as 16 X 16 mm with
a depth of 6 mm. At an A-scan rate of 30000 per second, this allows for
three-dimensional representation of the entire anterior segment of the
eye based on 128 radial scans. Casia SS OCT version 2 allows imaging
the entire lens as well with automated quantitative analysis of the angle
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Table 1
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Summary of commercially available anterior segment optical coherence tomography.

OCT Type Manufacturer Optical Source  Axial resolution® Transverse Scan Speed (A- Scans  Scan Depth Maximum Scan
(optical) resolution” per second) Width
Visante OCT Carl Zeiss Meditec, Dublin, CA  SLD 1310 nm 18 um 60 pm 2000 6 mm 16 mm
Slit Lamp OCT Heidelberg Engineering, SLD 1310 nm < 25um 20-100 pm 200 7 mm 15mm
Heidelberg, Germany
Cirrus OCT Carl Zeiss Meditec, Dublin, CA  SLD 840 nm 5um 15um 27,000 2mm 6 mm
Spectralis OCT Heidelberg Engineering, SLD 820 nm 7 um (optical) 20 um 40,000 2mm 6 mm
Heidelberg, Germany
Optovue iVue Optovue, Inc, Fremont, CA SLD 840 nm S5um 15 um 26,000 2-2.3mm 13 mm
Nidek RS 3000 Nidek, Gamagori, Japan SLD 880 nm 7 um 15um 53,000 2mm 8 mm
Revo NX Optopol, Zawiercie, Poland SLD 830 nm 5um 18 um 110,000 2.4mm 16 mm
CASIA SS-1000 Tomey Corporation, Nagoya, SS laser 10 pm 30 um 30,000 6 mm 16 mm
OCT Japan 1310 nm
Triton OCT Topcon Corporation, Tokyo, SS laser 8 um 30 um 100,000 6 mm 12mm
Japan 1310 nm

OCT- Optical Coherence Tomography; SLD — Superluminescent Diode; SS — Swept source.

@ Specific for posterior segment, which may vary for anterior segment scans.

and other parameters. Imaging of the anterior segment is also made
possible with the Triton SS OCT (Topcon, Tokyo, Japan), which is de-
signed for posterior segment imaging. As such, an external add-on lens
needs to be attached to the existing system. The Triton SS OCT system
offers a high A-scan rate of 100 kHz but a scan depth of only 3 mm. We
have summarized the technical specifications of various commercially
available OCT systems for the anterior segment in Table 1.

The following key characteristics need to be considered when em-
ploying an OCT system to image the structures of the anterior segment.
As mentioned above, there are broadly two principle approaches for the
OCT i.e. the TD and FD systems. The FD systems can be further divided
into systems that use a spectrometer-based detection and SS OCT sys-
tems. The first OCT system was based on TD technology, but this ap-
proach has lost importance because of lower scanning speed, related to
the need of mechanically moving a mirror in the sample arm and lower
sensitivity (Leitgeb et al., 2003). Low scanning speed makes the ima-
ging sensitive to motion and limits the number of B-scans that can be
acquired within a reasonable measurement time. Low sensitivity re-
duces signal-to-noise ratio and as such does not allow for visualization
of structures with low contrast. Spectrometer-based FD OCT does not
require any moving parts, but rather a more sophisticated detection
unit including a spectrometer with a diffraction grating, a collimator
and a high-speed line camera. Using state of the art charge-coupled-
device (CCD) cameras or complementary metal-oxide-semiconductor
(CMOS) cameras, maximum A-scan rates in the order of 100 kHz can be
obtained, although systems operating at more than 300 kHz have been
realized (Potsaid et al., 2008). Swept-source OCT uses a light source
with a narrow bandwidth that is swept in frequency. As compared to
superluminescent diodes used in TD OCT and spectrometer-based FD
OCT, these light sources are nowadays considerably more expensive.
The detection unit is, however, cheaper requiring only a single-point
photodetector. A major advantage of the technology is that ultrafast
systems can be developed, which nowadays can reach 2 million A-scans
per second and more (Huo et al., 2015; Kolb et al., 2015; Zhi et al.,
2015). Moreover, SS OCT provides greater depth range with sig-
nificantly reduced sensitivity roll-off and is less sensitive to motion
artifacts due to higher speed (Gora et al., 2009).

Another important feature of OCT relates to the resolution of the
system. Unlike in conventional microscopy, the axial (Az) and the
transversal resolution (Ax,y) in OCT are independent. The axial re-
solution is determined by the coherence length (l.), which is a function
of the bandwidth (AA) and the central wavelength (\) of the light
source:
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Fig. 2. Axial resolution vs. bandwidth for the typical optical coherence tomo-
graphy light source center wavelengths of 840, 1060, and 1310 nm.

three different wavelengths used for anterior segment OCT imaging
(840 nm, 1060 nm and 1310 nm). To date, the best axial resolution that
can be achieved in prototype systems is in the order of 1 um (Ishida and
Nishizawa, 2012; Lim et al., 2005; Moon and Kim, 2006; Nishizawa
et al., 2004). The transversal resolution is dependent on the numerical
aperture of the OCT system:

AX= ——
nd

In equation (2), f is the focal length of the objective lens and d is the
diameter of laser beam at the lens. As such, systems with shorter wa-
velength provide better transversal resolution, considering the rest of
the optical setup to be identical. In addition, there are two potential
ways to improve Ax,y, either by increasing the diameter of the beam or
by reducing the focal length of the objective lens. When increasing the
numerical aperture, one does, however, limit the depth of field simi-
larly to conventional microscopy. Hence, OCT imaging with low Ax,y is
more suitable for en face imaging than for 3-dimensional imaging of
tissues.

In retinal imaging, the transversal resolution is determined by the
imperfections of the optical media and spot sizes below 15-20 pm
cannot be reached using conventional optics. As such, OCT systems
designed for the posterior pole usually have low numerical aperture,
which importantly does not influence axial resolution. In order to im-
prove Ax,y, it is a requirement to combine OCT with adaptive optics
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(AO), thereby correcting for these errors (Jonnal et al., 2016; Polans
et al., 2017). In anterior segment imaging, the transverse resolution can
be directly influenced by the numerical aperture. During scanning, eye
movements can limit Ax,y. Little work has been focused on optimization
of Ax,y for en face imaging of corneal layers or for visualization of
aqueous outflow structures. When Az gets very low, such as in spec-
trometer-based FD OCT systems, the depth of field may be dependent
on the number of pixels on the camera. For a detailed description on the
principles of OCT imaging, the reader can be referred to a recent
textbook (Drexler and Fujimoto, 2015).

3. Optical coherence tomography for the cornea

The cornea is part of the refractive system of the eye and contributes
approximately two thirds of the optical power of the human eye. Since
the cornea is transparent it does not contain any blood vessels and
oxygenation is entirely provided via diffusion. The cornea is richly in-
nervated and the unmyelinated nerve endings are sensitive to me-
chanical stress, temperature and chemicals. In humans, the healthy
cornea has a thickness of 500-800 um and a radius of 11-12 mm. The
border between the cornea and the adjacent sclera is called corneal
limbus. The human cornea has five layers: epithelium, Bowman's layer,
corneal stroma, Descemet's membrane, and endothelium. The corneal
epithelium is covered by the pre-corneal tear film, which ensures nu-
trition of the anterior surface of the cornea. The epithelium is a mul-
ticellular tissue layer that continues with the conjunctival epithelium.
Bowman's layer consists of heparan sulfate proteoglycans organized
mainly of collagen fibrils thereby protecting the stroma. The stroma is
the thickest layer of the cornea consisting of collagen fibres and inter-
connected keratocytes. Descemet's membrane is the acellular basement
membrane of the corneal endothelium mainly containing type IV col-
lagen. The corneal endothelium is a monolayer that regulates fluid
transport from the aqueous humour. Unlike the corneal epithelium the
corneal endothelium does not regenerate.

Already soon after the introduction of AS OCT, the clinical potential
of the technique in evaluating the cornea had been realized (Akiba
et al., 2007; Christopoulos et al., 2007; Gotzinger et al., 2004; Hirano
et al., 2001; Kaluzny et al., 2006; Reddy et al., 2007). As already
mentioned in the prior section, recent technological developments in
OCT have greatly increased imaging capabilities in terms of resolution.
Specific to the cornea, this now allows us to image corneal layers and
structures in greater detail i.e. epithelium, Bowman's layer, stroma,
Descemet membrane and endothelium (Moutsouris et al.,, 2011).
Nonetheless, in the cornea there is still a role for TD OCT such as the
Visante OCT (Carl Zeiss Meditec, Dublin, CA, USA), which uses a longer
wavelength of light that reduces scattering and allows deeper pene-
tration through corneal opacities or sclera. Moreover, the TD OCT has a
wider field of imaging compared to a smaller field by the FD OCT albeit
with higher resolution and detail - Fig. 3. In combination with specific
image processing improved contrast in corneal OCT images can be
observed (Girard et al., 2015).

3.1. Diagnosis of corneal pathologies

There are now a wide variety of clinical applications of AS OCT for
the diagnosis of corneal pathologies from the superficial to deeper
layers of the cornea — Fig. 4. For example, on the ocular surface, OCT
imaging distinguishes pterygium from pseudo-pterygium, as the sub-
epithelial hyperreflective layer is not really attached to the underlying
Bowman's layer or corneal stroma in the latter (Nanji et al., 2015). AS
OCT has become an important tool in the clinical evaluation of pter-
ygium and histopathological correlates of anomalous hyperreflectivity
of the OCT pattern have been reported(Gasser et al., 2017; Lluch et al.,
2016). In ocular surface neoplasia, OCT reveals hyperreflective, thick-
ened epithelium with abrupt transitions from normal to abnormal
epithelium (Nanji et al.,, 2015) and can assist diagnosis and
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Fig. 3. Example of anterior segment optical coherence tomography (OCT) scan
of a normal cornea with a wider field anterior segment scan (top) and high-
resolution cornea scan (bottom) using the Visante OCT.

management guidance (Nanji et al., 2015; Ong et al., 2016; Sayed-
Ahmed et al., 2017; Shousha et al., 2011).

The AS OCT is also extremely useful in studying anterior segment
pathology through an edematous cornea such as in Descemet mem-
brane detachments. In the corneal stroma itself, corneal infiltrates
secondary to infectious keratitis, may be measured and monitored, as
the area of infiltration or thinning may not be easy to evaluate using the
slit-lamp microscopy alone (Konstantopoulos et al., 2008). Further-
more, the AS OCT is useful for assessment of the area of corneal thin-
ning and actual corneal thickness in cases of impending perforation.
Another useful clinical application is in patients with keratoconus, OCT
features such as increased epithelial thickness; anterior hyperreflection
at the Bowman's layer and stromal thinning at the cone may be asso-
ciated with increased risk of corneal hydrops(Fuentes et al., 2015; Li
et al., 2012¢, 2016¢; Ortiz et al., 2012; Pahuja et al., 2017; Sandali
et al., 2013; Su et al., 2015). As compared to Placido-Scheimpflug
imaging AS OCT offers the advantage of improved reproducibility for
central corneal thickness and keratometry parameters(Chan et al.,
2017). A longitudinal study also showed that the technique is capable
of monitoring keratoconus progression (Fujimoto et al., 2016). Re-
cently, keratometry and wavefront aberration of the anterior corneal
surface and epithelium-Bowman's layer interface were presented
yielding higher values in patients with keratoconus than in healthy
controls(Matalia et al., 2017). Further studies are required to fully
understand the potential of this technique in the early diagnosis of
keratoconus. Corneal dystrophies are classified according to the IC3D
classification and AS OCT has become an important tool for differential
diagnosis in addition to slit lamp examination and genetic testing
(Siebelmann et al., 2017). Several studies have looked into the depth,
size, and position of the structural changes with different dystrophies.

3.2. Role of optical coherence tomography in cornea surgeries

The role of AS OCT is also important in pre-operative, intra-opera-
tive and post-operative assessment of patients requiring corneal sur-
geries(Szalai et al., 2017). As corneal diseases are the second most
common cause of non-refractive vision loss (Whitcher et al., 2001),
corneal transplantation still remains the main method for restoring
vision(Tan et al., 2012). Recent developments in surgical techniques
have enabled surgeons to perform selective replacement of the diseased
layer of the cornea — which may lead to improved corneal graft survival
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and surgical outcomes(Fuest et al., 2017). In particular, selective re-
placement of the endothelial layer (Ang et al., 2012b), or the stromal
layer, may confer advantages such as tectonic stability or a rapid visual
recovery (Ang et al., 2012c), compared to replacing the entire cornea
during transplantation(Bose et al., 2013). Thus, the role of imaging to
delineate corneal layers is becoming increasingly important. AS OCT
may also play a role in clinical decisions for surgical techniques to re-
move corneal debris and scar tissues in eyes with corneal dystrophy
(Kim et al., 2010; Lim et al., 2008). Postoperatively, AS OCT is able to
detect early graft detachment after Descemet membrane endothelial
keratoplasty, with a potential predictive value for long-term graft ad-
herence(Yeh et al., 2013). Furthermore, in other corneal transplanta-
tion techniques such as keratoprosthesis with limited postoperative
visualization, AS OCT is useful to detect complications such as interface
gape and angle closure(Zarei-Ghanavati et al., 2015).

There is also an important role of AS OCT in other corneal surgeries
such as refractive surgery often requiring accurate preoperative mea-
surements to reduce risk of corneal ectasia, and postoperative assess-
ment of complications such as interface fluid syndrome or inflammation
(Li et al., 2007). High-resolution AS OCT is now useful to aid more
accurate measurements of flap thickness, assess flap interface, and
minor flap displacements(Rosas Salaroli et al., 2009). Newer refractive
surgeries such as refractive lenticule extraction (Ang et al., 2014), may
also benefit from AS OCT imaging and assessment of outcomes(Tay
et al., 2012). After femtosecond-assisted laser refractive surgery and
photorefractive keratectomy it is capable of characterizing the forward
protrusion of the posterior cornea (Chan et al., 2015b), and the change
in corneal power(McNabb et al., 2015). As compared to Scheimpflug
imaging AS OCT provides higher reliability in terms of corneal thick-
ness and keratometry measurements of the cornea after laser in situ
keratomileusis(Chan et al., 2015a). Measuring the curvatures of the
stromal layers may provide insight into the remodelling of the epithe-
lium and stroma after photorefractive keratectomy(Chandapura et al.,
2018). Using signal processing techniques, volume rendering and
maximum intensity projections it was recently possible to provide 3-
dimensional images of corneal nerves(Shin et al., 2017). This may have
potential in minimizing nerve injury during surgical procedures.

AS OCT has also an important role in refractive outcomes of cataract
surgery, such as pre-operative corneal evaluation in corneas with high
astigmatism and post-operative position of toric intraocular lenses
(Hoffmann et al., 2014; Lucisano et al., 2017). Using whole eye scan-
ning a correlation between crystalline lens tilt and intraocular lens tilt
was reported indicating that preoperative tilt is predictive for in-
traocular lens tilt after surgery(Hirnschall et al., 2017). Likewise, it has
been shown that toric and non-toric implantable collamer lens im-
plantation leads to a reduction in the iridocorneal angle(Garcia-De la
Rosa et al., 2017). AS OCT imaging can also monitor changes in corneal
epithelial and stromal thickness after procedures such as collagen cross-
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Fig. 4. Example of clinical applications of optical
coherence tomography (OCT) for the cornea using
the Visante OCT. Diagnosis of Descemet membrane
detachment in the presence of corneal edema (top
left). Intra-epithelial collection of fluid in bullous
keratopathy with secondary bacterial infection (top
right). Intra-stromal lesion in infective keratitis
(bottom left). Hydrops in keratoconus demonstrating
a break in the Descemet membrane (bottom right).

linking used for the stabilization in patients with keratoconus — and
may have a role in evaluating the demarcation line which correlates to
the effective depth of the treatment(Bata et al., 2016; Rocha et al.,
2014).

3.3. Intra-operative applications of optical coherence tomography for the
cornea

The advent of lamellar corneal transplantation techniques has in-
creased the role for intra-operative AS OCT as more precision is re-
quired to achieve selective replacement of corneal layers(Ehlers et al.,
2014a). However, even in penetrating keratoplasty, intraoperative OCT
aids in visualisation of anterior segment abnormalities through a hazy
cornea, and proper graft-donor apposition during suturing(Ehlers et al.,
2015). For anterior lamellar surgery, preserving an intact Descemet
membrane with the least amount of residual stroma is the key to suc-
cessful deep anterior lamellar keratoplasty, which can be achieved
manually or with a big-bubble(Scorcia et al., 2013). Intraoperative OCT
may improve the success of achieving a big bubble by helping to assess
the cornea stroma thickness and the depth of needle insertion(Au et al.,
2015). In cases with irregular corneal scarring and thinning, the AS
OCT can help decide the initial trephination depth to avoid a perfora-
tion (Steven et al., 2014), and to achieve a good manual dissection
during deep anterior lamellar keratoplasty(De Benito-Llopis et al.,
2014). However, current surgical instruments for lamellar dissection
are metal that cast an optical shadow affecting the visualization of the
underlying cornea or structures during intraoperative OCT. Thus, in-
struments need to be removed from the surgical field from time to time
during layer-by-layer dissection(Au et al., 2015).

Intraoperative OCT imaging is now routinely used in all femtose-
cond cataract surgery systems in order to estimate the anatomical
landmarks of the cataract, anterior to posterior capsular boundaries,
and to determine the placement of corneal incisions(Grewal et al.,
2016). Although intraoperative OCT helps visualization of the corneal
wounds, depth of phacoemulsification during surgery and status of the
posterior capsule, more studies are required to establish that this re-
duces complications associated with cataract surgery(Nguyen and
Chopra, 2013). Real-time intra-operative AS OCT systems have also
been shown to be useful during Descemet stripping automated en-
dothelial keratoplasty (DSAEK) to detect the presence of interface fluid
and assess the effect of the procedure and air tamponade on graft
thickness — Fig. 5(Sng et al., 2012a). Thus, intraoperative OCT used
during DSAEK could help with surgical decisions to reduce surgical
duration and complications such as donor dislocations(Titiyal et al.,
2016). The main advantage of intraoperative OCT in DSAEK is espe-
cially in complex anterior segment cases with cornea edema and poor
visibility, where anterior chamber anatomy is disrupted and graft in-
sertion and manipulation may be challenging without visualisation.
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Another useful application of intraoperative OCT is in Descemet
membrane endothelial keratoplasty (DMEK) as its increasingly being
performed (Ang et al., 2016e), because it has been described to aid in
determining graft orientation — Fig. 5(Ang et al., 2015b; Steven et al.,
2013). However, limitations with scan speed and axial resolution cur-
rently affect the quality of image capture and field of view, which may
improve with further development of intraoperative OCT technology
(see Fig. 6).

3.4. Recent advances in optical coherence tomography for the cornea

Existing commercial AS OCT systems obtain cross-sections of the
cornea with 5-20 um axial resolution, at a variety of widths (6-16 mm)
and depths (2-6 mm) (Ang et al., 2012a). High-resolution AS OCT uses
a light source with a broad bandwidth of more than 100 um and a
spectrometer, to improve the axial resolution to 1-4 um, with scan
width of 5-12 mm(Bizheva et al., 2011, 2016, 2017a; Hutchings et al.,
2010; Karimi et al., 2011; Lawman et al., 2016; Wang et al., 2011;
Werkmeister et al., 2017b; Wu et al., 2014). Examples of in vivo corneal
imaging using OCT systems with an axial resolution close to 1 um are
presented in Fig. 5. The role of high-resolution AS OCT for assessing the
ocular surface and tear film will be discussed in greater detail in section
6 of this review article. Recently, a conical scan pattern was proposed
for imaging of the cornea resulting in improved image quality in the

Progress in Retinal and Eye Research xxx (XxxX) XXX—XXX

Fig. 5. Imaging of corneal pathology with a custom
built optical coherence tomography system with an
axial resolution of approximately 1.3 mm in air. Left
upper panel: Cross-sectional image in a patient with
acanthamoeba keratitis reveals radial keratoneuritis
with a thickened corneal nerve (yellow arrow) and a
hyporeflective space (blue arrow) above the double
banded structure of the epithelium. Right upper
panel: Intrastromal foreign body in a 43 year old
male patient who wore glasses during an accident.
lower panel: Fuchs' endothelial dystrophy in a 60
year old female patient, (a) optical coherence to-
mography image, (b) corresponding slit lamp pho-
tograph(with permission from Werkmeister et al.,
2017b).
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Fig. 6. Example of intraoperative optical coherence
tomography (OCT) during Descemet membrane en-
dothelial keratoplasty (DMEK) showing a graft single
scroll configuration (top left) and successful graft
adhesion after air bubble injection (bottom left).
Intraoperative OCT during Descemet stripping auto-
mated endothelial keratoplasty (DSAEK) shows in-
terface fluid between the donor and recipient (top
right) with eventual graft adhesion and reduction of
interface fluid after air tamponade (bottom right).

peripheral cornea(Beer et al., 2017). This overcomes a common pro-
blem with conventional AS-OCT systems using telecentric illumination
where the angle of incidence strongly deviates from 90° resulting in low
image intensity. In contrast to retinal OCT 1-2 pm spatial resolution can
be obtained; a technique termed micro-OCT (nOCT) that has been in-
troduced in an attempt to achieve cellular level imaging (2 pm X 2 um x
1 um resolution in tissue) in vitro. This may enable imaging of corneal
cells or even delineation of micro-vascular structures, which had pre-
viously only been possible with laser scanning in vivo confocal micro-
scopy or histopathology(Ang et al., 2016c). However, the disadvantages
of high resolution HOCT for the cornea include the trade-off between
lateral resolution and depth of focus, limited axial imaging range,
imaging speed and the high sensitivity to movement(Liu et al., 2011a).
As such it is doubtful whether pOCT is a feasible approach to in vivo
imaging of the cornea. The potential clinical applications of in vivo
imaging of the corneal endothelial cells are, however, wide include
monitoring corneal endothelial cell count and morphology to guide
surgery, or improving corneal endothelial cell imaging to compare
endothelial keratoplasty techniques(Liu et al., 2014).

Newer combined AS OCT and Scheimpflug camera devices offer
real-time, cross-sectional imaging of the anterior and posterior cornea,
as well as corneal topography and tomography measurements(Mi et al.,
2015). They have gained popularity due to their rapid, non-contact
nature and superior accuracy over other modalities such as slit-
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scanning topography. Their precise topographic measurements and
high-resolution images have allowed assessment of pre-operative eva-
luation of post-operative complications, outcomes and management of
surgeries such as DSAEK. Furthermore, en face OCT imaging now al-
lows for rapid, non-contact visualization of ocular surface or corneal
lesions not obvious on B scan or cross-sectional scans — a larger field of
view albeit with less detail compared to in vivo confocal microscopy.
Automated analysis programs are also emerging for AS OCT images to
provide rapid quantification of corneal parameters with high repeat-
ability(Ang et al., 2013). Corneal parameters such as central corneal
thickness, anterior and posterior corneal curvature as well as novel
parameters such as posterior corneal arc length are automatically de-
rived after identifying the scleral spur. These corneal parameters are
then used for surgical planning such as sizing of corneal donor graft
size.

4. Optical coherence tomography of the aqueous outflow system

The aqueous outflow system is an important component in the
maintenance of intraocular pressure (IOP). Aqueous humor is produced
from plasma within the capillaries of the ciliary processes by three
distinct mechanisms: diffusion, ultrafiltration and secretion. Aqueous
humor then flows through the pupil from the posterior chamber into the
anterior chamber. From the anterior chamber, aqueous then drains via
the trabecular and the uveoscleral pathway. Under physiological con-
ditions, the trabecular pathway accounts for approximately 90% of the
outflow. As part of this route, aqueous humor flows through the tra-
becular meshwork (TM) towards Schlemm's canal (SC). The trabecular
meshwork is a porous structure consisting of laminar beams with a core
of elastic and collagenous fibers (Tamm, 2009). Drainage through the
TM is passive, virtually acting as a filter. The SC is an endothelium-lined
circular vessel that shares many similarities with lymphatic vessels.
From the SC, 25 to 35 collector channels anastomose with the aqueous
veins, where the aqueous humor is drained. The major site of resistance
to flow is not fully known but may include juxtacanalicular tissue re-
gion and the inner wall of SC.

In the uveoscleral outflow pathway, aqueous passes through the
ciliary body, into the suprachoroidal space and is finally drained by the
venous circulation. The IOP is dependent on the dynamic balance be-
tween production and outflow of aqueous humor and an increase in
outflow resistance will lead to an increase in IOP. In glaucoma, in-
creased IOP is a consequence of elevated outflow resistance associated
with changes in the outflow pathway, such as trabeculae thickening,
excessive deposit of plaque material within the cribriform layer, and
abundance of long spacing collagen (Schmidl et al., 2015a; Stamer and
Acott, 2012). In this section, we will focus on the visualization of out-
flow structures using OCT except of the chamber angle, which is cov-
ered in a separate section within this review.

The first OCT image of SC and the TM was presented by Sarunic and
co-workers in 2008 using a SS OCT system operating at 1310 nm and
proving an axial resolution of approximately 9 mm - Fig. 7. The axial
resolution of this system was, however, not good enough to visualize
details of this structure or to quantify SC dimensions. The idea of
imaging SC by means of OCT was followed up by Kagemann and co-
workers from the Pittsburgh group in the following years. The authors
used an FD OCT optics engine comprising a superluminescent diode
with a centre wavelength of 870 nm and a bandwidth of 200 nm, re-
sulting in a theoretical axial resolution of 1.3 mm in tissue. The authors
were able to visualize SC, collector channels and scleral veins
(Kagemann et al., 2010) — Fig. 8. Due to its high resolution, the authors
were subsequently able to quantify the cross-sectional area of SC and
reported values of 10,983 mm? and 8308 mm? on the nasal and tem-
poral side, respectively. The authors also reported reduced cross-sec-
tional area of SC in patients with glaucoma, but this conclusion was
based on measurements in two patients only. In a later publication, it
was shown that acute IOP elevation using ophthalmodynamometry
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Fig. 7. The first anterior segment optical coherence tomography showing the
trabecular meshwork and Schlemm's canal (with permission from Sarunic et al.,
2008).

100 pm

Collector
Channels

Fig. 8. Imaging of the scleral vein, Schlemm's canal and collector channels
using a custom-built optical coherence tomography system with a theoretical
axial resolution of 1.3 mm in tissue. (with permission from Kagemann et al.,
2010).

significantly decreased SC cross-sectional area in healthy subjects
(Kagemann et al., 2014). Using the prototype system as well as a
commercially available FD OCT system, the same group later provided
3D virtual castings of SC and more distal outflow structures — Fig. 9
(Fig. 3, Kagemann et al., 2012).

Comparison of OCT images with histology in human cadaver eyes
shows that the structure identified in these images is indeed SC (Francis
et al., 2012; Usui et al., 2011). Cross-sectional area of SC was measured
by several investigators and reported results show considerable differ-
ences between studies. Using a custom-built SS OCT with a 1310 nm
light source, values of 7766 mm? and 8010 mm? were reported for the
nasal and temporal side, respectively (Shi et al., 2012). Later the same
group reported significantly reduced cross-sectional area of SC
(3942 mm?) in patients with primary open angle glaucoma (Wang et al.,
2012a). Significantly smaller cross-sectional area of SC was reported in
healthy subjects (nasal: 2854 mm?, temporal: 2862 mm?) when using
the commercial RTVue OCT (Optovue, Inc., Fremont, CA) in
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Fig. 9. Imaging of Schlemm's canal produced from volumetric anterior segment
scans of the limbus imaged with a commercial Cirrus optical coherence tomo-
graphy system. Schlemm's canal is marked with asterisks, and locations of
connecting collector channels at ostia are marked with arrows. (with permis-
sion from Kagemann et al., 2012).

Fig. 10. OCT tomograms of sclero-corneal limbus acquired by ultra-high re-
solution OCT before (a) and after (b) applying the Corneal Adaptive
Compensation (CAC) algorithm. After applying of CAC, the visibility of trabe-
cular meshwork and Schlemm's canal was improved with noticeable visual
contrast between Schlemm's canal lumen and its wall. TM: Trabecular mesh-
work. SC: Schlemm's canal.

combination with the cornea-lens adapter (Chen et al., 2013). Other
studies using the same device did, however, report approximately 4 fold
larger SC areas with 13,991 mm? in healthy subjects and 11,332 mm? in
patients with newly diagnosed primary open angle glaucoma (Hong
et al., 2013). Reduced SC area was also observed in pseudoexfoliation
(PEX) glaucoma (4000 mm?) as compared to healthy subjects
(5000 mm?) again using the same commercial OCT system (Imamoglu
et al., 2016). The study did, however, not observe a correlation between
IOP and cross-sectional area. In another study of 11 healthy eyes, a
wide range of SC cross-sectional area was observed ranging from 1664
to 6007 um?> (average 3514 *+ 1235um?) showing considerable re-
gional variability. The number of collector channels also varied con-
siderably among subjects, ranging from 5 to 11 with wider SC diameters
in areas of higher collector channel density (Li et al., 2017). Using an
ultrahigh resolution OCT system, we have recently observed a SC cross-
sectional area of 3620 = 589 um? nasally and 4075 + 335um? tem-
porally (Werkmeister, 2016). Visibility of SC was significantly im-
proved when a corneal adaptive compensation (CAC) algorithm was
employed - Fig. 10 (Girard et al., 2015, Fig. 4). Using a commercial
spectrometer-based FD OCT, SC could be identified in approximately
85% of healthy subgroup of subjects participating in a population-based
study (Day et al., 2013). The results of this study did not show an as-
sociation between the diameter of SC and IOP. It was, however, ob-
served that nasal, but not temporal TM cross-sectional area is negatively
correlated to the level of IOP. Other studies did find a significant ne-
gative association between SC area and the IOP (Hong et al., 2013).
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Recent work was directed towards three-dimensional reconstruction
of circumferential aqueous humor outflow using automated detection
of SC and first-order collector channels (Huang et al., 2017) based on a
commercial FD OCT system. A circumferential scanning pattern around
the limbus was used and outflow pathways were re-constructed
showing variable diameter of SC at different positions as well as roots of
collector channels. Visualization of the conventional outflow system
was also achieved in the living mouse. After administration of a Rho-
kinase inhibitor, a widening of the TM and significant increases in
cross-sectional area of SC were observed (Li et al., 2016a). An en face
OCT technology was used to visualize the vasculature of the scleral
venous plexus (Uji et al., 2016). The authors were able to visualize post-
trabecular aqueous outflow pathway in a single B-scan from SC to the
episcleral venous plexus. The observed vessels were running posteriorly
and formed anastomoses that drained into the epsicleral plexus. A re-
cent innovation is based on OCT imaging via a catheter probe in which
the illuminating light is guided by a single mode catheter fibre (Xin
et al., 2017). Using a Gradient Index (GRIN) lens to shape the OCT
beam, the authors were able to obtain a beam diameter in the order of
20 mm. Human porcine and cadaver eyes were used to evaluate the
system using in vitro experiments (Fig. 11).

Employing phase-sensitive detection, it is possible to detect TM
movement ex vivo and in vivo. In isolated monkey eyes mounted in an
anterior segment holder different IOP level were set using a perfusion
system. During the experiments, IOP was changed at a frequency of
1 Hz with amplitude of 3 mmHg mimicking the ocular pressure pulse.
Via phase sensitive detection the authors were able to visualize and
quantify the movement of the TM. This movement of TM was most
pronounced in the region close to SC endothelium (Li et al., 2012b).
The technique was also used to study the dynamic behaviour of SC and
the collector channels in human cadaver eyes in response to pressure
changes (Xin et al., 2016). When pressure was increased, the widening
of SC and the collector channels occurred within 50 ms and the bio-
mechanical properties of the TM could be determined. The technique
has considerable potential to identify patients who are at risk to un-
stable IOP values in the future, but further studies are required to op-
timize this approach for clinical use (Johnstone, 2004).

Visualizing aqueous outflow pathway may have implications in
guiding glaucoma surgery and evaluating treatment success. Patients
with glaucoma undergoing canaloplasty showed an increase in SC
width and height that was negatively correlated to the change in IOP
(Fuest et al., 2016). Likewise, another study showed dilation of SC area
that correlated with the IOP decrease as well as a reduction of TM
thickness after phacocanaloplasty in patients with primary open angle
glaucoma (Paulaviciute-Baikstiene et al., 2016). This is well compatible
with other studies showing an increase in SC area that correlated with
IOP reduction after trabeculectomy (Hong et al., 2014) and trabeculo-
plasty (Skaat et al., 2017). In patients undergoing trabeculotomy,
opening size did not correlate with IOP reduction, but may be related to
anterior chamber depth (Wecker et al., 2017). Dilation of SC was even
observed after phacoemulsification surgery and correlated to the de-
crease in IOP (Zhao et al., 2016). A pronounced increase in SC area was
seen after implantation of a Stegman expander (Fig. 12). An increase in
mean lumen area from 4,900 ym?at a distance 1.5mm distal to the
implant to approx. 3,5100 um? in the region widened by the expander
was measured using an ultrahigh resolution OCT system (Werkmeister
et al., 2017a).

Dilatation of SC was also seen after pharmacological reduction of
IOP. After instillation of 0.004% travoprost, a pronounced increase in
SC cross-sectional area of approximately 90% on both the nasal and the
temporal side was reported (Chen et al., 2013). Dilation of SC was also
observed after topical instillation of pilocarpine hydrochloride (Skaat
et al., 2016; Werkmeister, 2016), a nonselective muscarinic receptor
agonist that reduces IOP by ciliary muscle contraction and expansion of
the juxtacanalicular portion of the TM (Li et al., 2014a). Even though
the technique has potential to study the outflow system in vivo, it has
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Fig. 11. An optical coherence tomography catheter probe is
capable of imaging the aqueous outflow system of a post-
mortem human eye. (A) is an optical coherence tomography
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Fig. 12. In vivo imaging of Schlemm's canal in a glaucoma patient 9 month after
Stegmann Canal Expander implantation (a) Post-surgical gonioscopic view and
(b) Ultra-high resolution optical coherence tomography tomogram of sclero-
corneal limbus showing the properly positioned Stegmann Canal Expander in-
side SC 9 month after implantation month after implantation. SC, Schlemm's
canal; CC, collector channel; SCE, Stegmann canal expander; TF, tear film.

not yet found its way into clinical praxis. The most obvious application
may be related to the optimization of treatment planning in glaucoma
surgery. In principle, OCT-guided placement of devices in micro-
invasive glaucoma surgery (MIGS) may result in an improvement in the
IOP control. However, a randomized clinical trial will be required to
prove this hypothesis. Another plausible application may be the testing
of pharmacological actions of anti-glaucoma agents. During drug
screening, the technique may provide valuable information on the
mechanism of action. The technique does, however require further
technical refinement for it to be translated into clinical setting. Some
important key questions remain unanswered. What is the resolution
required to obtain meaningful information on the pathway of the
aqueous outflow system? Given the small diameter of collector chan-
nels, it appears that an ultrahigh resolution system is required to obtain
a full 3-dimensional reconstruction of the outflow system. Furthermore,
it remains to be investigated which area of the aqueous humour outflow
system needs to be covered. Given the significant local variability, it
seems unlikely that a single cross-sectional area measurement of SC will
be sufficient.

image of the aqueous outflow system following the place-
ment of the catheter probe in the lumen of Schlemm's canal
(SC). The collector channel entrance (CCE) can be identified.
(B) is the OCT image of the aqueous outflow system fol-
lowing intracameral placement of the catheter probe. Both
SC and CCE can be identified. (C) gives a light microscopy
image of the aqueous outflow system. The area marked with
thick square shows the approximate region scanned by the
optical coherence tomography as shown in A and B (with
permission from Xin et al., 2016).

5. Optical coherence tomography for the anterior chamber and
angle

Imaging of the ocular anterior chamber is gaining increasing im-
portance for the diagnosis, management and follow-up of angle closure
disease(Leung et al., 2008). The main pathological area in this form of
glaucoma is the TM, which is the site for drainage of aqueous humor of
the eye. Qualitative and quantitative assessment of anterior chamber
angle (ACA), anterior chamber, iris and lens are accomplished with AS
OCT. Angle closure with AS OCT is determined by any contact between
the iris and the angle wall anterior to the scleral spur whereas for go-
nioscopy, the quadrant would still be considered open unless the ap-
position reached the posterior trabecular meshwork. The identification
of the scleral spur is an important landmark to be assessed, although the
Schwalbe's line (SL) has been proposed as another possible landmark
since it has better identification in FD OCT devices(Cheung et al.,
2011). Common parameters used to describe features of the ACA in-
clude the angle opening distance (AOD), the angle recess area (ARA)
and the trabecular-iris space area (TISA) (Fig. 14). These parameters
can be measured at varying intervals anterior to the scleral spur, most
frequently at 500 or 750 um anterior to the scleral spur (i.e., AOD500,
AOD750)(Console et al., 2008; Smith et al., 2013). The SL-angle
opening distance (SL-AOD) was defined as the distance from the SL
(termination of the Descemet membrane) to the anterior iris surface
perpendicular to the corneal endothelial surface. The SL-trabecular iris
space area (SL-TISA) was defined as an area bounded anteriorly by the
SL-AOD, posteriorly by a line drawn along the trabecular meshwork at
500 um from the SL 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 (Cheung et al., 2011). Very few studies
have compared the quantitative results of UBM and AS OCT. Dada et al.
analysed 63 eyes using the two methods and concluded that they cor-
related well and AS OCT scans provided sharper images of the scleral
spur. However, there was a tendency towards smaller measurements of
angle and slightly higher measurements of the ACD/CCT in AS OCT
compared to UBM(Dada et al., 2007).

The ability to capture the entire anterior chamber in a single image
using AS OCT allows better assessment of the structures relative to each
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Fig. 13. Open and closed angles imaged using Visante optical coherence tomography (OCT) (a, b), Casia swept-source OCT (c,d), Spectralis spectral-domain OCT (e,f)
and Cirrus HD-OCT (g,h) angle-to-angle OCT scans respectively.

-~

v/ F Iris Profile

450:287.0

Output Area
ADD250mm  |ADDS00men  |ADD7S0mm | TISAS00 men 2 | TISA7S0 mn'2 |ARA men'2
Left Angle 0.318 075 0,656 0251 0.4%0 0546
[RightAngle _|0.512 083% 1130 0310 0591 0.650
ACDepthmen  |ACWidhme  |ACArea men™2 |ACVokume men”3| CCurvature men |Axis TR Angle
Visusl Axis 1350 B42 19155 7.3 0,000
[CThickness 65290 37020 16.04 Antence 816 300
11750 mm 112000 mm_[ITCertraMaAres mn"2 [Curvature mefliis TR [Centroid men [Vokure mm "]
Lehlns [N 0.65 069 1.97 (X 0030 ) %575
[Rightlis__ 056 053 072 215 002 0105 455 2408
[i Diamet
- Calcudate OCT CakcusteVol || LogToFie || SaveToFie
Analysis finished.

1T 2000

ICURV

Lens Vault

Fig. 14. Quantitative analysis with anterior segment optical coherence tomography (OCT) systems. a: Zhongshan Angle closure Assessment Program for Visante OCT,
b: 360° angle analysis software for Casia swept-source OCT volume scan, c: Schematic representation of important parameters measured in customised software for
Visante OCT: Angle Opening Distance (AOD, measures the perpendicular length between iris anterior surface and trabecular meshwork at a fixed distance),
Trabecular Iris Surface Area (TISA, represents the area enclosed by points on scleral spur, iris and trabecular meshwork at a fixed distance), Lens Vault (LV, represents
that portion of the lens in anterior chamber beyond the line of scleral spur) and Iris parameters include Iris curvature (ICURV), Iris thickness (IT 2000 at 2000 pum)

and Iris Area (IA).
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other (Fig. 13). Customized analysis software like the Zhongshan Angle
Assessment Program (ZAAP, Guangzhou, China) (Console et al., 2008)
or inbuilt applications (Fig. 14) are used to objectively measure the
various anterior segment structures. This program requires manual
input for scleral spur and 27% cases suffer from lack of proper landmark
(Console et al., 2008; Sakata et al., 2008). Leung et al. devised ACA-
DEMIA program for quantitative analysis of chamber structures; how-
ever, this may have some limitations in deep angle recess(Leung et al.,
2006). Initial studies by Nolan et al. reported that qualitative AS OCT
could determine 98% (of 152/342 eyes) of gonioscopic angle closure
eyes, but suggested a higher number of angle closures among go-
nioscopically open angles (44.6% of 228/342 eyes)(Nolan et al., 2007).
A community based screening study suggested an AUC of 0.76, with a
low specificity of 62.9%(Lavanya et al., 2008). AOD750 was noted to be
the best performer in quantitative analysis in a subgroup of subjects
(AUC 0.90 for nasal quadrant and 0.91 for temporal quadrants)
(Narayanaswamy et al., 2010). A scoring system based on a combina-
tion of six anterior chamber parameters such as anterior chamber vo-
lume (ACV), anterior chamber width (ACW), iris thickness (IT), iris area
(IA), anterior chamber area (ACA) and lens vault (LV) performed better
with an AUC of 0.94(Nongpiur et al., 2013b). In a four-year follow up
study, Baskaran and co-workers determined that those angle closure
eyes on AS OCT at baseline trended to develop more gonioscopic angle
closures at four years(Baskaran et al., 2015). Current commercially
available FD OCT devices are inconsistent in determining the scleral
spur and have poor visibility of angle recess in many subjects. However,
the high definition provided by these devices provided some insights
into the location of Schlemms's canal (SC) and its relationship to other
anterior segment structures (Fig. 15). While AS OCT could identify all
anterior chamber structures, due to absorption by pigments, iris and
ciliary body were not visible, in comparison to Ultrasound biomicro-
scopy (UBM). Iris trabecular index (which provides the circumferential
extent of angle closure in percentage) in 360° angle scans was found to
have moderate diagnostic performance(Baskaran et al., 2013). Xu et al.
established that increased number of scans analysed provided better
variability in the anterior segment parameters(Xu et al., 2016). Newer
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software modifications provide angle-to-angle scans in Cirrus HDOCT,
with similar diagnostic performance in angle closure detection(Tun
et al., 2017).

Automated algorithms have been developed to provide diagnosis
and mechanistic classifications for angle closure using AS OCT images
from Visante OCT, Casia SS OCT and Cirrus HD-OCT angle-to-angle
scans(Fu et al., 2017; Niwas et al., 2016; Xu et al., 2013). While most of
them provide good diagnostic performance against clinician grading of
the images, nobody compared them with gonioscopic reference stan-
dard. However, it is to be noted that gonioscopy is controversial as a
reference standard in determining angle closure due to visible light
conditions affecting pupil constriction, while it will remain an un-
disputed clinical tool for complete evaluation of the angle(Friedman
and He, 2008). Apart from diagnostics, several novel anatomical risk
parameters have been identified using AS OCT for angle closure such as
iris thickness/area, anterior chamber width, lens vault and anterior
chamber area/volume(Nongpiur et al., 2010, 2011; Wang et al.,
2010a). Dynamic factors associated with angle narrowing under various
conditions have been studied(Leung et al., 2007). Iris volume (IV) in-
crease per millimetre of pupil dilation in darkness, was found to be an
independent predictor of angle narrowing, more so in fellow eyes of
APAC(Aptel and Denis, 2010). Zhang et al. compared the change in IA
after physiologic and pharmacologic mydriasis among the spectrum of
angle closure disease sub-categorized as pupillary block, plateau iris
and thick peripheral iris roll. The study observed that the change in IA
was significantly different among groups(Zhang et al., 2015b). It has
been proposed that differences in iris connective tissue and perme-
ability of the iris stroma to aqueous may account for the differences in
volume change in eyes with closed angles and open angles(Quigley
et al., 2009).

Higher lens vault represents the portion of lens in anterior chamber
that determines angle crowding better than any other parameter at least
in the Chinese ethnicity(Nongpiur et al., 2011). Several other para-
meters have also been proposed to represent the lens contribution such
as anterior lens vault, relative lens vault and others. Subgrouping of the
AS OCT images of angle closure identified two to four clusters,

Fig. 15. Open and closed angles imaged with high resolution using Visante optical coherence tomography (OCT) (a, b), Casia swept-source OCT (c,d), Spectralis
spectral-domain OCT (e,f) and Cirrus HD-OCT (g,h) angle-to-angle angle scans respectively. Arrow marks refer to Schlemm's canal.
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suggesting that iris, lens or both components may predominate in the
mechanism of angle closure(Baek et al., 2013; Niwas et al., 2016;
Nongpiur et al., 2013a). Newer version of SS OCT (CASIA 2, Tomey,
Japan) can present deeper structures including the entire central lens,
enabling lens thickness/volume measurements (Fig. 16).

Few studies have attempted to determine peripheral anterior sy-
nechiae patterns in SS OCT; however, none could provide the diagnostic
equivalence of indentation gonioscopy(Lai et al., 2013; Tun et al.,
2015). Similarly, plateau iris configuration and choroidal effusion are
some of the features that cannot be determined directly using AS OCT.
Lin and colleagues showed that patients with plateau iris features on
gonioscopy/UBM reveal a significant difference in iris thickness com-
pared to pupillary block subjects(Li et al., 2014b). Based on an earlier
defined UBM criteria, plateau iris was defined across three pre-defined
AS OCT patterns in 210 subjects by Verma et al. The authors could not
differentiate plateau iris based on any of the AS OCT patterns, however,
an increased peripheral iris thickness in ASOCT was associated with
plateau iris likelihood(Verma et al., 2017). Ethnic differences in ante-
rior segment parameters have been reported among Chinese and Cau-
casians explaining the differences in angle closure prevalence(Lee et al.,
2012). Apart from this, AS OCT is used clinically in special situations to
visualize angle status when routine slit lamp and gonioscopy cannot
establish the angle status (Fig. 17).

Structural changes after procedures such as laser peripheral ir-
idotomy (Jiang et al., 2014; Lee et al., 2013), argon laser iridoplasty
(Sng et al., 2014, 2016), goniosynechiolysis and phacoemulsification
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Fig. 16. Casia swept-source optical coherence to-
mography (SS OCT) versions. a and b: Cross-sectional
and 3-dimensional reconstruction images of CASIA 1
SS OCT version showing partial image of central lens,
¢ and d: Cross-sectional and 3-dimensional re-
construction images of CASIA 2 SS OCT version
showing full image of central lens.

(Tun et al., 2015) have been reported. Studies have shown a deeper
angle recess with increased angle width and flattened iris profile in the
short term in PACS but with lesser changes in APAC eyes, especially
with greater lens vault. ACA shortened several months post LPI as re-
ported in a couple of studies (Fig. 18). (Jiang et al., 2014; Lee et al.,
2013) Lesser successful outcome after LPI was determined by a baseline
narrower angle width, thicker iris and greater lens vault(Ang and Wells,
2011). AS OCT can provide diagnostic, mechanistic and prognostic aid
in angle closure eyes. However, lack of easier interpretation, cost and
agreement issues with gonioscopy preclude its widespread use by
clinicians. The research insights provided by AS OCT have added much
to the existing literature on angle closure glaucoma. Further work on
automated diagnostic applications, higher resolution AS OCT, in vivo
dynamic imaging and longitudinal studies might throw more light into
angle closure diagnostics, aqueous humour dynamics, trabecular bio-
mechanics and residual angle closure mechanisms.

Determination of the feasibility of Intraoperative Spectral domain
microscope Combined/integrated OCT Visualisation during Enface
Retinal and Ophthalmic surgery (DISCOVER) study, represents the re-
sults of intraoperative OCT (iOCT, e.g. Carl Zeiss Meditec RESCAN 700,
Cole Eye Institute/Haag-Streit iOCT prototype) systems. The instant
feedback regarding the interaction of instrument to tissues in anterior
and posterior segment surgeries can be very useful in establishing
guidelines and providing inputs to innovative surgical approaches.
Currently such systems are used in evaluating vitro-macular traction,
epiretinal membrane surgery and deep anterior lamellar keratoplasty.

Fig. 17. Examples of clinical application using op-
tical coherence tomography (OCT). a: Plateau iris
(Visante OCT) with peripheral scroll of iris and
central normal anterior chamber depth, b: Large lens
vault in angle closure (Visante OCT), c: Adherent
leukoma with slit open angle (Visante high definition
OCT), d: Demonstration of peripheral anterior sy-
nechiae using reconstructed 3-dimensional image
(Casia swept source OCT).
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Fig. 18. Pre and post laser peripheral iridotomy Casia swept-source optical coherence tomography images (a and b respectively) with respective iris trabecular index
quantification using 16 scans, respectively (angle closure reduced from 87% to 35%).

There are more areas that need to be explored, including angle sur-
geries, such as the various stents for glaucoma using this innovative
technology(Ehlers et al., 2014b, 2014c).

6. Optical coherence tomography for ocular surface and dry eye
disease

When the eye is opened after blinking, a thin liquid film called pre-
corneal tear film covers the cornea and sclera. Although the TF is only
few pm in thickness, its composition is complex and it plays a key role
in protecting and nourishing the cornea. When the eye is kept open, the
TF thins over time till it breaks up (break up time, BUT), requiring a
blink to refresh the ocular surface. Thinning of the TF between blinks
involves a variety of mechanisms including evaporation, osmotic flow
through the cornea and conjunctiva, tangential flow of aqueous tears
and diffusion of tear solutes (Braun et al., 2015).

The TF has three distinct layers. Beginning from the outermost
surface, the lipid layer provides a hydrophobic barrier reducing surface
tension and helps to re-spreads the tears after each blink. Although, the
thickness of the lipid layer is virtually a few nm, it has a two-layer
structure: an extremely thin, potentially monomolecular layer of polar
lipids residing at the water as well as a lipid interface covered by a layer
of non-polar lipids which forms the outermost eye-air interface
(Cwiklik, 2016). The aqueous layer is the thickest part of the TF and
promotes spreading of the tear film and osmotic regulation. It plays an
important role in oxygenation of the cornea as well as providing the
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defence system against infection. The aqueous phase of the TF contains
a wide variety of metabolites as well as electrolytes and proteins. The
innermost layer of the TF is the mucin layer (Ablamowicz and Nichols,
2016). The mucin layer compensates for corneal unevenness, reduces
friction during blinking and plays a role in debris removal.

Dry eye disease (DED) is a highly prevalent ocular condition, with a
variety of clinical consequences such as visual disturbance, ocular dis-
comfort and in severe cases damage of the ocular surface. Approaches
to visualize alterations in patients with DED using anterior segment
OCT can be divided into two categories - visualization of anatomical
structures that are affected by the disease as well as the direct visua-
lization of the TF. Among the anatomical structures that have been
visualized, apart from the cornea, are lid-parallel conjunctival folds
(LIPCOFs) allowing for objective grading of DED related alterations
(Veres et al., 2011). Meibomian glands were imaged with either a
custom-built high resolution OCT (Bizheva et al., 2010) or a commer-
cial system (Hwang et al., 2013a, 2013b) allowing for three-dimen-
sional reconstruction. Using this approach, reduced length and width of
Meibomian glands was observed in patients with Meibomian gland
dysfunction (Liang et al., 2015). Generally, good agreement was shown
between OCT-based evaluation of Meibomian glands and classical lid
transillumination (Napoli et al., 2016) as well as with two-dimensional
infrared (IR) meibography (Yoo et al., 2017). Extraction of Meibomian
glands from the volumetric OCT image can be further improved when
using polarization sensitive detection (see section 10), which reveals
age-related alterations - Fig. 19. In addition, it has been shown that
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Fig. 19. Visualization of Meibomian glands using polarization-sensitive optical coherence tomography in healthy subjects at different age ((a) 28 years, (b) 32 years,
(c) 56 years, (d) 63 years, (e) 72 years, and (f) 82 years (with permission from Ju and Tang, 2015).

normal punctal and vertical canalicular anatomy (Kamal et al., 2016;
Timlin et al., 2016; Wawrzynski et al., 2014) as well as the anatomy of
the lacrimal glands including the excretory ducts, interlobular ducts,
intralobular ducts, lobules, parenchyma, and acini of the palpebral lobe
(Doh et al., 2015) can be imaged with commercial OCT technology. The
potential of these approaches to diagnose and follow-up DED is, how-
ever, still inadequately documented.

From a pathophysiological point of view, DED is characterized by
instability of the pre-corneal TF accompanied by increased osmolarity
and inflammation of the ocular surface (DEWS, 2007). One of the major
challenges in the diagnosis and follow up of DED is that, up to now, the
most critical component of DED, the TF itself is difficult to measure
objectively with sufficient precision. Given that a stable and sufficient
TF is a prerequisite for an intact ocular surface, direct imaging of the
precorneal TF may have significant potential in the clinical manage-
ment of DED. It may also help to obtain novel insight into the patho-
physiology of the diseases (Bai and Nichols, 2017). Thus, several at-
tempts have been made in the past to achieve measures of TF thickness
(TFT) via OCT. This is, however, a challenge because the tear film
changes its thickness over time after each blinking.

One approach to overcome this limitation is to use the tear meniscus
as a surrogate parameter for the total tear volume — Fig. 20. Indeed, the
tear meniscus can be measured with sufficient precision with OCT

Area (mm?)
Lower

Fig. 20. An OCT image of the tear meniscus taken with s commercial Fourier-
domain OCT. Lower tear meniscus is shown and meniscus height and depth as
well as cornea-meniscus angle are highlighted. (with permission from Park
et al., 2013).
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systems, providing a resolution of approximately 10 um (Shen et al.,
2008; Wang et al., 2006a). Using continuous OCT measurements, it is
possible to study the dynamics of the tear meniscus over time (Bartuzel
et al., 2014). Another possibility that can allow us to gain an insight
into TF dynamics is based on administration of saline solution com-
bined with the measurement of clearance over time (Zheng et al.,
2014). Data from clinical studies show that the tear meniscus decreases
with age (Cui et al., 2011; Raj et al., 2016). Studies have reported that
measures of tear meniscus are reduced in different dry eye populations:
in patients with aqueous tear deficiency (Shen et al., 2009), in patients
with thyroid-associated ophthalmopathy (Sizmaz et al., 2014) as well as
in Japanese (Akiyama et al., 2015; Ibrahim et al., 2010), Chinese (Li
et al.,, 2012a) and American DED patient populations (Nguyen et al.,
2012). A study in a mixed group of DED patients shows, however, a
more complex relation (Tung et al., 2014). In patients with tear dys-
function, lower tear volume correlated with severity of corneal epi-
thelial disease. In contrast, higher tear volume was associated with
corneal damage in patients with Meibomian gland disease. The finding
is compatible with a separate study, which included different DED
phenotypes, reported high specificity of the technique in patients with
Sjogren syndrome, but little discriminative power in patients with lipid
deficiency. Tear meniscus height is correlated with size of the lacrimal
punctum (Sung et al., 2017).

Early approaches to measure TFT were directed towards indirect
measurements using OCT technology. Employing the commercial Zeiss
Stratus system, Wang and co-workers (Wang et al., 2003) took OCT
measurements of subjects who were with and without contact lenses,
and calculated the thickness of the tear film after measuring the
thickness of the contact lens in vitro. The authors reported a TFT of
3.3 = 1.5 uym. A comparable approach was used with a custom-built
OCT system (Wang et al., 2006a, 2006b). Using the latter technique,
central TFT was indirectly measured by calculating the difference be-
tween baseline measurements of the central corneal thickness including
TF and corneal thickness obtained after instillation of artificial tears.
The results for TFT obtained in healthy subject were in the same region
as reported previously with a mean value of 3.3 * 2.6 um.

Although OCT systems with a resolution of 5 um or less allow the
visualization of the tear meniscus and other detailed structures of the
cornea (Ge et al., 2013), this resolution remains inadequate to detect
changes within the TF itself as they occur between blinks or in patients
with DED. The further development of new light sources with a wider
bandwidth has considerably improved the axial resolution of OCT
systems down to a resolution of approximately 1 um in vivo, which is
necessary to detect clinically significant alterations in TFT (Bai and
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Fig. 21. Ultra high-resolution OCT image of the pre-corneal tear film as obtained in a healthy subject. (with permission from Werkmeister et al., 2013). TF: tear film;
EP: epithelium; BL: Bowman's layer; ST: stroma; DM: Descemet membrane; ED: endothelium.

Nichols, 2017).

Using an ultra-high resolution spectral-domain OCT system, Chen
and colleagues measured pre-corneal tear-film thickness in the range of
1.7 um-2.0 pm in vivo (Chen et al., 2010). However, the interpretation
of the latter result is limited by the fact that the system provides an
axial resolution of approximately 3 um only. A custom-built OCT
system with a superluminescent diode providing a beam with 840 nm
central wavelength and 100 nm allowed for the measurement of tear
deficient DED in some patients, but reported values may not be re-
presentative because readings were most likely only obtained in those
patients with thicker TFT (Cui et al., 2011).

Systems with higher resolutions report slightly different results. As
such, tear film layer thickness as measured with an OCT system based
on a 375 nm bandwidth supercontinuum light source, which allows for
a resolution on the ocular surface of 1 um, reports an average TFT of
approximately 4 pm-5 pum in healthy subjects (Yadav et al., 2011). This
is in keeping with results of other more recent studies. In a study on
young healthy subjects, using a Ti: Sapphire laser OCT system with an
axial resolution of 1.2 pum on the level of the ocular surface, the authors
report that the average precorneal TFT was 4.79 = 0.88um
(Werkmeister et al., 2013). As shown in Fig. 21, the precorneal TF can
be clearly delineated in this image. Further, these values are compar-
able to the TFT values detected by an interferometric method (King-
Smith et al., 2008; Nichols et al., 2005) previously used to assess TFT.
The latter study also indicates an excellent reproducibility of OCT-
based measurements with an intraclass correlation coefficient of
0.97(Werkmeister et al., 2013).

One of the major challenges in DED is that the correlation between
standard clinical signs such as BUT or corneal staining and the symp-
toms perceived by the patients is usually weak (Begley et al., 2003;
Pflugfelder et al., 1998). Given that OCT is capable of directly visua-
lizing the TF, it may be a promising alternative to the currently used
clinical tests. To gain a better insight into this issue, a study investigated
the correlation between symptoms, clinical signs and TFT in a group of
patients with mild to moderate DED (Schmidl et al., 2015c). The study
revealed that there was a significant correlation between TFT as mea-
sured with OCT and subjective symptoms in these patients, which
supports a potential role of this technique in the clinical management of
DED (Schmidl et al., 2015c). Moreover, TFT was positively correlated
with BUT and negatively correlated with tear osmolarity. The correla-
tions in this study were, however, relatively weak most likely because
of incomplete phenotyping and with regard to tear deficiency and
evaporative DED.

An important advantage of OCT based measurements of the ocular
tear film is that in principle this technique has the capability to provide
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information not only at a single point in time but can, depending on the
scanning speed, visualize TF dynamics. As such, the thinning of the TF
after blinking can be quantified, which can provide valuable informa-
tion regarding an important aspect of DED: tear evaporation
(Werkmeister et al., 2013). Using high-speed OCT systems, these mea-
surements are not limited to a certain point at the ocular surface but can
cover larger areas of the cornea. This technique can be used to generate
two dimensional thickness (enface) maps of the TF dynamics in vivo
(Fig. 22) and has the potential of being an observer independent al-
ternative approach to classical clinical measures such as subjective slit-
lamp based BUT measurement.

Although the introduction of newly developed drugs and devices
has provided additional therapeutic options for patients with severe
DED (Hoy, 2017; Keating, 2017; Rodriguez-Pomar et al., 2017), the
current mainstay of therapy for patients with mild to moderate DED
remains the application of topical lubricants. However, a large variety
of different topical lubricants with diverse chemical and physical
properties are currently on the market and for the most of the agents
their clinical efficacy and their behaviour on the ocular surface is only
insufficiently described. Clinical trials have now shown the potential of
OCT to evaluate therapeutic intervention including treatment with to-
pical lubricants in patients with DED. In particular, it has been shown
that topical application of lubricants increase TFT (Kaya et al., 2015;
Schmidl et al., 2015b). Whereas topical application of physiological
saline solution had only a minor effect on TFT, administration of hya-
luronic acid significantly increases TFT with a maximum effect 10 min
after administration (Kaya et al., 2015).

Furthermore, OCT systems are also capable of investigating differ-
ences between topical lubricants. As such, it has been shown that al-
though both therapies, sodium hyaluronate alone as well as combina-
tion therapy between sodium hyaluronate and trehalose, lead to a
significant increase in TFT, the latter led to a longer lasting effect, in-
dicating a longer residency time of the combination product (Schmidl
et al., 2015b). A long-lasting effect on TFT was also seen with topical
Chitosan-N-Acetylcysteine, most likely due to the strong mucin binding
of the compound (Schmidl et al., 2017). With administration of lu-
bricant gels, there is initially a pronounced increase in TFT as shown in
Fig. 23, where it as high as 3-fold in certain subjects (Wozniak et al.,
2017).

Studies have also been performed focusing on tear meniscus after
administration of topical eye drops. Whereas the effect of saline was
only seen for 1 min, 0.1% hyaluronic acid increased tear meniscus vo-
lume for 3 min, and 0.3% hyaluronic acid provided an effect for 10 min
(Akiyama-Fukuda et al., 2016). With 3% diquafosol ophthalmic solu-
tion, a significant difference when compared to saline was observed;
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Fig. 22. Measurement of tear film dynamics using en face tear film thickness maps. Left: Slit lamp image of the front surface depicting the imaged area. Right: En

face. tear film thickness maps in a healthy subject.

Fig. 23. Ultra high-resolution optical coherence tomography image of the pre-
corneal tear film as obtained in a patient with dry eye disease before (a) and
10 min after administration of a lubricant gel (Polyethylene glycol 0.4%, pro-
pylene glycol 0.3%, hydroxypropyl guar; b). The tear film increased from a
value of 4.1 mm to a value 11.7 mm.

this was as long as 30 min. A short-term increase in tear meniscus vo-
lume was also seen with carboxymethyl cellulose (Tung et al., 2012;
Wang et al., 2010b), polyethylene glycol (Tung et al., 2012) as well as
artificial tear formulations based on either hypromellose or a combi-
nation of polyethylene glycol 400 and sodium hyaluronate (Garcia-
Lazaro et al., 2011). With the latter, an effect was seen for as long as
60 min.

Only few studies have focussed on the effects of repeated instillation
of eye drops or other treatments on TFT or teat meniscus. Moreover,
these studies are lacking an adequate control group and typically use a
pre-post study design. A two months treatment with cyclosporine im-
proved TFT in a small group of DED patients (Wang et al., 2012b).
Measures of tear meniscus size also improved after acupuncture in
patients with lipid tear deficiency and DED, but not in patients with
Sjogren syndrome (Lin et al., 2015). An effect on tear meniscus in
Sjogren patients was, however, observed after oral treatment with the
muscarinic receptor agonist pilocarpine (Ibrahim et al., 2013). Another
study that revealed increased tear meniscus volume studied the effect of
botulinum toxin A injection in patients with essential blepharospasm
(Park et al., 2013).

There are some limitations of the currently available OCT systems
that preclude routine use in DED. First, although the OCT systems are in
principle capable to measure the ocular surface at different locations,
the scanning area that can be covered is currently limited to the central
cornea. To measure tear film dynamics or replace standard clinical tests
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such as BUT, scanning of the full cornea would be necessary. This would
require a modification in the illumination pathway and high-speed
systems, which can also allow for a reduction of movement artefacts.
Secondly, with increasing distance to the apex of the cornea, the in-
cident angle of the laser beam is not perpendicular to the ocular surface,
which leads to a decrease in the signal to noise ratio (Aranha Dos Santos
et al., 2015). To overcome this hurdle, an optical setup where the in-
cident beam is perpendicular to the ocular surface at the central cornea
and also for the peripheral cornea would be required(Beer et al., 2017).

As the OCT imaging technique is rapidly evolving, efforts have been
made to measure not only the tear film of the entire cornea surface, but
also investigate the ultra-structure of the tear film. Among the different
layers of the tear film, the outermost lipid layer is of particular interest
because it is related to the stability of the pre-corneal tear film. As the
lipid layer of the tear film has only a thickness of 40-80 nm, it is far
beyond the optical resolution of OCT and therefore not accessible via
conventional imaging. However, it has recently been shown that by
super-resolved thickness measurements using an ultrahigh resolution
OCT system, structures smaller than the axial resolution of the system
can be visualized and in vivo imaging of the lipid layer is possible (Dos
Santos et al., 2016). Further efforts are necessary to fully assess the
potential of this technique to measure lipid layer thickness in patients
with DED in a clinical setting.

Attempts have also been made to grade the quality of tear reflection
and alterations with different types of lubricants (Napoli et al., 2014b).
Another approach was presented by instillation of a lipid-based tracer.
With this technique, enhanced OCT imaging of the lower tear meniscus
was realized, given by a strongly increased reflectivity of the air-lipid
interface. Based on the decay back to baseline values over time, the
authors were able to estimate lipid clearance (Napoli et al., 2014a). A
critical issue in all types of OCT measurements of tear film relates to the
standardization of blinking before the measurement. Indeed it has been
shown that normal and delayed blinking differentially affect tear me-
niscus (Palakuru et al., 2007). In our studies, we have used a standar-
dized blinking pattern and started measurements one second after the
opening of the eye. This means that we excluded the first tear film
volume from measurement and defined tear film thickness based on the
average values obtained from the volumes taken two and three seconds
after opening the eye. In most of the studies, the exact blinking patterns
are not provided and additional work is required to understand their
impact on measures of TFT and tear meniscus. Another critical issue is
in relation to temperature and humidity in the examination room. For
most of our clinical studies, we try to standardize these factors in our
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research clinic. However it remains unclear if this is entirely possible in
a real clinical setting. In addition, the impact has not been system-
atically studied although it has been reported that airflow exposure has
a significant impact on tear meniscus (Koh et al., 2012).

Ultrahigh-resolution OCT systems allow for the first time the vi-
sualisation and quantification of the pre-corneal tear film in vivo. Along
with the technical improvement of the OCT systems, such as the better
resolution, faster scanning speed as well as wider scanning area, further
clinical applications of the OCT technique in the field of DED can be
predicted in the near future. Whether measurement of tear meniscus or
measurement of TFT is a more relevant sign of DED remains to be
proven. Little is known about the correlation between these variables
but a small study did not find any association in healthy subjects (Wang
et al., 2006b). Assessment of the pre-corneal TF may, however, offer
advantages such as the understanding of evaporation rate, tear break-
up and thickness of the lipid layer — Fig. 23. When absolute values of
TFT are measured the algorithms that are used for segmentation and
estimation play an important role. Indeed, different approaches for
these issues were presented (Aranha Dos Santos et al., 2015; Huang
et al., 2013a, 2013b, 2014, 2016) and it is likely that they will lead to
different absolute values. This is indeed the case when quantifying
retinal nerve fiber layer thickness at the posterior pole of the eye
(Sander et al., 2015). A comparison of different systems for measuring
the tear meniscus indicates that this is also an issue for the anterior
segment of the eye (Arriola-Villalobos et al., 2017).

7. Anterior segment optical coherence tomography angiography

Optical coherence tomography angiography (OCTA) essentially
delineates blood vessels using OCT by comparing decorrelation be-
tween consecutive scans(Ang et al., 2018; Kashani et al., 2017; Leitgeb
et al., 2014; Sharma et al., 2017; Tan et al., 2018). This can be done by
comparing phase speckle contrast, changes in intensity or a variation of
the full OCT signal(Chen and Wang, 2017). In the posterior segment,
OCTA has become a useful rapid, non-invasive imaging modality that
provides imaging of vessels(Gao et al., 2016; Zhang et al., 2015a).
Currently, commercially available OCTA systems use various proprie-
tary algorithms such as optical microangiography, full or split-spectrum
amplitude-decorrelation angiography (FSADA or SSADA), and OCTA
ratio analysis(Wylegala et al., 2016). However, current OCTA systems
are not specifically intended for the anterior segment, but may be
adapted to assess the cornea, iris or scleral vessels(Ang et al., 2015c).
While the SSADA system has been most commonly described, other FD
OCTA systems have also been successfully adapted for the anterior
segment(Ang et al., 2016b, 2017).

Anterior segment angiography has a wide variety of clinical appli-
cations, ranging from the evaluation of ocular surface and corneoscleral
inflammation (Watson, 1987; Watson and Bovey, 1985), to the assess-
ment of corneal vascularisation (Spiteri et al., 2015). Corneal vascu-
larisation is a pathological condition in the cornea that reduces corneal
transparency, and subsequently increases rate of graft rejection
(Cursiefen et al., 2003; Niederkorn, 2010). However, current assess-
ment of the anterior segment vascular network is limited to invasive
angiography techniques using fluorescein (FA) or indocyanine green
(ICGA)(Kirwan et al., 2012). Thus, imaging and evaluation of corneal
vascularisation is seldom performed despite its prevalence and poten-
tial sight-threatening effects(Lee et al., 1998; Resnikoff et al., 2004). As
such, there is a potential increasing role for anterior segment OCTA.
Moreover, it has been reported that the OCTA was comparable to ICGA
for assessment of vessel density of corneal vascularisation(Ang et al.,
2016a).

The main advantage of AS OCTA is that images are rapidly acquired
using a non-contact technique(Ang et al., 2015c). However, there are
many limitations with existing OCTA systems adapted for the anterior
segment. First, motion artefacts from patient movement or saccadic eye
movement are very common as current AS OCTA systems do not have
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in-built motion correction for ocular saccades. Second, corneal scars
may cause signal blockage and artefacts — although future improve-
ments to the software for the anterior segment may further reduce these
blockages(Girard et al., 2015). Third, current AS OCTA systems do not
have an eye-tracking system allowing for registration, which is required
for comparisons in follow-up scans. Nonetheless, with the help of ad-
junct image analysis software, it has been found to be potentially useful
for serial scans and follow-up for various clinical indications(Cai et al.,
2017).

Despite the current limitations of AS OCTA, there are still a wide
variety of potential clinical applications in the anterior segment. The
ability to provide high-resolution scans of corneal pathology with ac-
companying information on the depth of abnormal vasculature, is
useful for planning for procedures such as lamellar keratoplasty with
fine-needle diathermy (Spiteri et al., 2015); or evaluation of peripheral
corneal infiltrates or melts with the adjacent scleritis and occlusion of
limbal vessels(Ang et al., 2016d). Other potential clinical applications
include assessment of graft vascularisation with prognostication for
immunological rejection (Bachmann et al., 2010), evaluation of anti-
angiogenic treatments for corneal vascularisation (Chang et al., 2001),
studying changes to limbal vasculature in limbal stem cell deficiency,
evaluation of subconjunctival vascularity in association with bleb
morphology after trabeculectomy, or even evaluation of normal iris
blood supply and abnormal iris vessels in neovascular glaucoma -
Fig. 24(Sng et al., 2012b).

8. Other applications of anterior segment optical coherence
tomography

8.1. Imaging of extraocular muscles

In patients with strabismus AS OCT has been used for measuring the
distance from the corneoscleral limbus to the insertion site of the hor-
izontal and vertical extraocular muscles(Liu et al., 2011b; Pihlblad
et al., 2016). This technique accurately measures this distance in clin-
ical practice, but reliability decreases after reoperations(Rossetto et al.,
2017). Other studies have confirmed that it is possible to determine the
insertion distance from the limbus to the extraocular rectus muscles and
the technique be applicable for pre-operative procedure planning in
complicated strabismus patients(Pihlblad and Reynolds, 2017). The
accuracy can be improved by combination of grayscale and colour
modalities(Venincasa et al., 2017). Likewise, AS OCT allows for the
detection of swelling at the insertion site of the extraocular muscles in
patients with Graves' orbitopathy(Haner et al., 2015). During stra-
bismus surgery live four-dimensional intraoperative imaging, is capable
of visualizing suture depth during lateral rectus resection(Pasricha
et al., 2017).

8.2. Imaging of limbus and sclera

The ability to assess the morphometry of the limbus in vivo has al-
ready been realized in the early days of AS OCT (Feng and Simpson,
2005; Sarunic et al., 2008). Changes in limbus anatomy can be observed
after soft contact lens wear.{Consejo et al., 2017 #411}(Consejo et al.,
2017) Using a custom built OCT operating at 1060 nm Bizehva and co-
workers were able to map corneo-scleral tissue morphology including
visualization of the Vogt palisades, the blood and lymph vasculature
(Bizheva et al., 2011). The palisades of Vogt are radially oriented fi-
brovascular ridges consisting of a stem cell population that allows for
regeneration of the corneal epithelium. Several groups have shown that
they can be visualized using OCT (Bizheva et al., 2017b; Falke et al.,
2012; Grieve et al., 2015; Haagdorens et al., 2017; Lathrop et al., 2012).
Alterations in the anatomy of Vogt's palisades have been reported in
patients with DED(Ghouali et al., 2017). Using either optical micro-
angiography (Li et al., 2011), phase-variance optical coherence angio-
graphy (Poddar et al., 2015), or split-spectrum amplitude-decorrelation
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Fig. 24. (Left) Anterior segment optical coherence tomography angiography showing normal iris vasculature not obvious in pigmented irides. (Center) Avascular
bleb with scarring and increased vascular network surrounding the bleb. (Right) Corneal vascularisation associated with early carcinoma in situ.

angiography (Li et al., 2015), it is possible to visualize the three-di-
mensional microvasculature of the limbus(Lavinsky and Lavinsky,
2016).

The sclera can also be visualized using AS OCT and values for scleral
thickness between 600 pm and 800 um have been reported for healthy
subjects(Buckhurst et al., 2015; Ebneter et al., 2015). Anterior scleral
curvature can be measured using mathematical modelling and has been
proposed valuable for the design of scleral lenses(Choi et al., 2014). In a
subgroup of elderly patients senile scleral plaques can be seen(Beck
et al.,, 2015). These areas should be avoided as injection sites of in-
travitreal therapies. After repeated intravitreal injections scleral thin-
ning can be observed(Zinkernagel et al., 2016). Subconjunctival scar-
ring after vitrectomy can also be visualized using AS OCT and correlates
well with histology(Gozawa et al., 2017). In patients with anterior
scleritis hyporeflectivity within the sclera, nodules, and visible vessels
can be observed that improve during treatment(Axmann et al., 2016;
Levison et al., 2016).

Within the sclera and conjunctiva, AS OCT can provide detailed bleb
morphology features such as bleb wall, cavity, flap, ostium patency,
cysts within bleb and wall thickness(Singh et al., 2009a, 2009b). SS
OCT images of the bleb can be automatically analysed to provide bleb
dimensions such as area and volume. Bleb analysis with AS OCT
identified features associated with functioning and failed blebs such as
thickening of bleb walls and cystic spaces (Boey et al., 2011; Singh
et al.,, 2009b). Another one of the large studies compared tumor ima-
ging between AS OCT and UBM in 18 eyes with cystic and solid lesions
of the anterior segment. Partial imaging of the solid and cystic lesions of
AS OCT was providing some information on the nature of the lesions,
however, it was shown that UBM was definitely superior in complete
imaging of both type of lesions(Verma et al., 2017).

9. Novel developments for anterior segment optical coherence
tomography

9.1. Polarization sensitive OCT

Polarization sensitive OCT (PS OCT) is an extension of OCT that
analyses the polarization state of backscattered light(de Boer et al.,
2017; Pircher et al., 2011). In the human eye, a variety of tissues in-
cluding the cornea, the retinal nerve fibres and the sclera are bi-
refringent and therefore contrast in PS OCT images can be improved for
these tissues. Improved contrast can, however, also be obtained in other
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tissues such as the trabecular meshwork (Yasuno et al., 2010), and
tissue discrimination between conjunctiva, sclera, trabecular mesh-
work, cornea, and uvea can be obtained with PS OCT. Several different
systems have been proposed for PS OCT imaging of the anterior seg-
ment of the eye(Lim et al., 2011; Yamanari et al., 2008, 2015, 2016).

Already in the early days of AS OCT application of polarization-
sensitive system for corneal imaging have been presented(Gotzinger
et al., 2004). PS OCT has been proposed as a technique for diagnosis of
keratoconus because of changes in the lamellar structure of collagen
fibers leading to phase retardation (Fukuda et al., 2013; Gotzinger
et al., 2007), as well as for treatment monitoring after cross-linking(Ju
and Tang, 2015). A direct comparison with other techniques for kera-
toconus monitoring is, however, lacking. In glaucoma patients under-
going trabeculectomy the filtering bleb shows improved visibility with
PS OCT because of the birefringent properties(Fukuda et al., 2014;
Tsuda et al., 2015; Yasuno et al., 2009). PS-OCT has been used to
measures scleral birefringence at the posterior pole of the eye to gain
insight into biomechanical properties(Fialova et al., 2017). Scleral bi-
refringence can also be measured at the anterior segment of the human
eye and correlates with IOP (Yamanari et al., 2014). Currently, PS-OCT
systems are not commercially available, related to the higher hardware
complexity as compared to standard OCT systems.

9.2. OCT elastography

Another functional extension, OCT elastography, aims to get insight
into the biomechanical properties of tissue. The technique is based on
the ability of OCT to detect subtle displacement of tissue when a force is
applied. This force can either be externally (Hsieh et al., 2016; Nguyen
et al., 2015; Song et al., 2015), or internally from pulse related tissue
changes(Dragostinoff et al., 2009; O'Hara et al., 2013). These forces are
employed stepwise, transient or harmonic(Kirby et al., 2017). In-
dependently of the source of the force the tissue response is detected by
OCT by either detecting the change in position, the velocity of the tissue
or a combination of both. By detecting the propagation of the tissue
wave induced by the force in several directions it may also be possible
to detect the anisotropic biomechanical properties of the tissue.

Since the introduction of OCT elastography, applications for the
posterior and anterior segment of the eye have been reported. Early
approaches used a 2-D cross-correlation algorithm to determine shear
deformation and Poisson's ratio of ex vivo corneas(Ford et al., 2011).
First in vivo results were obtained in the mouse cornea with a phase-
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stabilized swept source OCT system measuring the phase response in
response to a mechanical stimulus(Manapuram et al., 2012). OCT
elastography has also been used to characterize the mechanical aniso-
tropy of porcine (Singh et al., 2017a), and rabbit corneas in situ after
cross-linking(Singh et al., 2017b).

For in vivo applications point-by-point scanning is challenging be-
cause of relatively long acquisition times and associated motion arte-
facts. As such ultrafast systems operating in the megahertz (MHz) range
haven been realized(Singh et al., 2016; Song et al., 2016). Alter-
natively, line field or full-field OCT systems may be preferable because
of parallel acquisition schemes. With full field OCT virtual palpation
maps at the micrometer scale were obtained from the porcine cornea
(Nahas et al., 2013), with a single shot line-field low coherence holo-
graphy system utilizing an automatic Hilbert transform analysis based
on a spatial phase shifting technique. Spatio-temporal maps of elastic
wave propagation were acquired with one air-pulse excitation and used
to quantify wave velocity and sample mechanical properties at a line
rate of 200 kHz. The technology was successfully applied to an ex vivo
porcine cornea, but in vivo applications have not been reported as yet.

Phase-sensitive OCT elastography has recently been used to study
the dynamics of strain and tissue-shape changes during laser-induced
photothermal corneal reshaping in almost real-time with 10-100 ms
temporal resolution(Zaitsev et al., 2017). Using this technique ex vivo
experiments demonstrate temporal plastification of the cornea and
characterise strain distributions, surface displacements, and scattering.

10. Conclusions

In summary, the AS OCT currently plays an important role in many
aspects of research and clinical applications in the field of
Ophthalmology. These include detailed ocular surface evaluation, cor-
neal evaluation that impact surgical outcomes, angle assessment for
glaucoma diagnosis, aqueous outflow assessment as well as vascular
supply of the anterior segment. These AS OCT imaging applications also
extend to imaging the sclera, limbus and extraocular muscles. The main
advantages of the AS OCT include the rapid, non-invasive, in vivo
imaging of the structures within the eye — while providing quantitative
measurements. Recent improvements in resolution and acquisition
speed have improved image quality and reproducibility for anterior
segment imaging with greater detail. The advancement of AS OCT
technology has evolved from providing an overview of anterior segment
structures, to details of the ocular surface and cornea with almost his-
tological resolution - and most recently, delineating vascular flow
within the anterior segment. Novel developments include polarization
sensitive OCT and OCT elastography, which provide further potential
clinical applications of AS OCT. Further advancement of AS OCT to
ultra-high resolution, en-face image rendering and functional exten-
sions may improve the clinical evaluation of anterior segment, corneal
and ocular surface diseases.
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