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Abstract

Optical coherence tomography (OCT) has revolutionized the clinical practice of ophthalmology. It is a
noninvasive imaging technique that provides high-resolution, cross-sectional images of the retina,
retinal nerve fiber layer and the optic nerve head. This review discusses the present applications of the
commercially available spectral-domain OCT (SD-OCT) systems in the diagnosis and management of
retinal diseases, with particular emphasis on choroidal imaging. Future directions of OCT technology
and their potential clinical uses are discussed. Analysis of the choroidal thickness in healthy eyes and
disease states such as age-related macular degeneration, central serous chorioretinopathy, diabetic
retinopathy and inherited retinal dystrophies has been successfully achieved using SD-OCT devices
with software improvements. Future OCT innovations such as longer-wavelength OCT systems
including the swept-source technology, along with Doppler OCT and en-face imaging, may improve
the detection of subtle microstructural changes in chorioretinal diseases by improving imaging of the
choroid. Advances in OCT technology provide for better understanding of pathogenesis, improved
monitoring of progression and assistance in quantifying response to treatment modalities in diseases of
the posterior segment of the eye. Further improvements in both hardware and software technologies
should further advance the clinician's ability to assess and manage chorioretinal diseases.
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Introduction

Optical coherence tomography (OCT) has evolved over the past decade as one of the most
important ancillary tests in ophthalmic practice. It is a noninvasive imaging technique and
provides highresolution, cross-sectional images of the retina, the retinal nerve fiber layer
(RNFL) and the optic nerve head. With axial resolution in the 5-7 um range, it provides close
to an in-vivo 'optical biopsy' of the retina. OCT employs light from a broadband light source,
which is divided into a reference and a sample beam, to obtain a reflectivity versus depth
profile of the retina. The light waves that are backscattered from the retina, interfere with the
reference beam, and this interference pattern is used to measure the light echoes versus the
depth profile of the tissue in vivo.

At its advent, time-domain detection was the technique employed by commercially available
OCT systems such as the Stratus OCT (Carl Zeiss Meditec, Inc, Dublin, CA). Time-domain
OCT (TD-OCT) systems featured scan rates of 400 A-scans per second with an axial
resolution of 8-10 um in tissue. In 2006, the first commercially available spectral-domain
(Fourier domain) OCT (SD- OCT) system was introduced. SD-OCT employs detection of
the light echoes simultaneously by measuring the interference spectrum, using an
interferometer with a high-speed spectrometer. This technique achieves scan rates of 20 000-
52 000 A-scans per second and a resolution of 5-7 pum in tissue.

Although OCT is used extensively for clinical decision making and monitoring of many
posterior segment diseases based on macular, optic nerve and RNFL imaging, until recently,
the choroid was not able to be clearly imaged with this technique. New innovations in SD-
OCT hardware and software now allow for accurate choroidal thickness measurements. In
addition, choroidal morphological changes on OCT are now being appreciated. As a result,
choroidal imaging is an emerging area of research.

The choroid cannot be well visualized using the Stratus OCT, as the retinal pigment
epithelium (RPE) is highly light scattering, resulting in attenuation of the relatively weak
reflection signal from the choroid. In addition, because of the relatively low signal- to-noise
ratio of TD-OCT, the signal and image information from the deeper layers of the choroid is
not of high enough quality to see precise morphological details.
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Also, the pixel density of TD-OCT, which is limited by the
number of axial scans in the OCT image, makes
visualization of the choroid difficult.

SD-OCT systems can image the choroid, however, using
techniques such as image averaging and enhanced depth
imaging (EDI). Image averaging involves obtaining multiple
B-scans from the same retinal location that are then
averaged together to increase the signal-to-noise ratio,
typically in proportion to the square root of the number of
images averaged. When multiple images are averaged, the
software reduces the 'speckle.’ This sharpens the continuity
and enhances the retinal and choroidal features. Along with
image averaging, EDI involves setting the choroid adjacent
to the zero delay line, which allows enhanced visualization
of choroid up to the sclera, by taking advantage of the
sensitivity roll-off characteristic of SD-OCT systems.

Apart from the commercially available systems, prototype
OCT systems have contributed to an ever-growing body of
research studies in this field. These include, but are not
limited to, the ultra-high-resolution OCT (UHR-OCT), SD-
OCT systems employing a longer-wavelength light source
permitting deeper tissue penetration, and swept-source OCT
(SS-OCT) systems. UHR-OCT uses broadband light sources
to achieve 3 pm resolution in tissue. SS-OCT uses another
form of Fourier domain detection to measure light echoes. It
employs a tunable frequency swept laser light source, which
sequentially emits various frequencies in time, and the
interference spectrum is measured by photodetectors instead
of a spectrometer. This increases the signal quality in deep
tissue by elimination of the sensitivity of a spectrometer to
higher frequency modulation as with SD-OCT, thereby
improving the visualization of the choroid.

This review discusses the present applications of the various
commercially available SD-OCT systems in the diagnosis
and management of retinal diseases, with particular
emphasis on choroidal imaging. Further, future directions of
OCT technology, specifically the innovations in OCT
technology with the research prototype OCT systems, their
potential clinical uses, and benefits for choroidal imaging
are discussed.

Present Applications of Optical Coherence Tomography
At present, OCT imaging is used extensively for imaging
the macula, optic nerve and RNFL, and aids in analyzing the
morphology and quantifying changes in various disease
states. For example, the automated retinal thickness
measurements generated by the SD- OCT systems are used
clinically for the monitoring progression of diseases such as
wet age-related macular degeneration (AMD) and macular
edema from various causes including diabetes and retinal
vein occlusion. The ability to detect fluid within the retina
and the thickness alterations induced by this fluid helps
direct clinical decisions regarding treatment. The diagnosis
of macular hole and its differentiation between lamellar
holes and pseudomacular holes have become
straightforward using OCT. In addition, the size and
configuration of macular holes, determined by OCT,
correlates well with the functional and anatomic outcomes
following surgical intervention. Evaluation of the
vitreoretinal interface using OCT is important in the
evaluation and treatment of diseases of the vitreomacular
interface such as epiretinal membranes and vitreomacular
traction. In addition, optic disc morphology and RNFL
thickness measurements, using OCT, monitor the
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progression and helps quantitatively assess the treatment
response in patients with glaucoma.

Choroidal imaging in healthy eyes

Most commercially available SD-OCT systems can be used
to evaluate choroidal thickness. The method for choroidal
thickness analysis involves manual measurements
perpendicularly from the outer edge of the hyperreflective
RPE to the inner sclera (choroid- sclera junction) using the
respective software within the system. The choroid in
healthy eyes is thickest subfoveally and thins nasally more
than temporally. In addition, a negative correlation exists
between choroidal thickness and age. Margolis et al.
reported the mean subfoveal choroidal thickness of 287 + 76
pum using the Spectralis OCT and 272 + 81 pum using the
Cirrus OCT device in 54 and 34 healthy eyes, respectively.
A recent investigation analyzed the reproducibility of
choroidal thickness measurements, showing a good
intervisit and interobserver correlation of measurements (r =
0.89 and r = 0.97 respectively, P<0.05). In addition, among
the three commercially available SD-OCT systems, a good
reproducibility of choroidal thickness measurements has
been reported (P < 0.0001).

Presently, SD-OCT systems are being used extensively for
evaluation of the choroid in many posterior segment
diseases. OCT applications of some of the common diseases
are discussed.

Age-related macular degeneration

Age-related macular degeneration (AMD) is a leading cause
of visual impairment in patients over 60 years of age in
developed countries. The evaluation and management of
AMD utilize several investigation modalities, but
advancements in OCT technology have significantly
contributed to better understanding of the disease, and have
helped with monitoring the progression and therapeutic
response of corticosteroids and antivascular endothelial
growth factor (VEGF) agents in wet (neovascular) AMD.
Choroidal involvement in the pathogenesis of AMD has
earned great interest recently. Manjunath et al. reported a
mean subfoveal choroidal thickness of 194.6 + 88.4 um in
40 eyes and 213.4 + 92.2 um in 17 eyes with wet and dry
AMD, respectively, when compared with 272 + 81 pm in
age-matched healthy eyes. In addition, this study also
reported an inverse correlation of age with choroidal
thickness in eyes with dry AMD (r = —0.7, P = 0.002). This
was further supported by Spaide, who described a distinct
entity known as age-related choroidal atrophy, suggesting
the contribution of both, increasing age as well as the
choroidal vasculature, in the pathogenesis of AMD. Other
diseases of the choroidal circulation, including central
serous chorioretinopathy (CSCR) and polyploidal choroidal
vasculopathy (PCV), demonstrate a thicker choroid when
compared with healthy eyes and those with wet AMD. Thus,
the assessment of choroidal thickness using SD-OCT may
assist in differentiating neovascular AMD from CSCR
and/or PCV.

Central serous chorioretinopathy

CSCR is a disease characterized by an exudative/serous
detachment of the neurosensory retina from the RPE.
Conventional investigations such as indocyanine green
(ICG) angiography and fluorescein angiography show a
generalized disruption of the choroidal vasculature in eyes
affected with CSCR, with diffuse hyperpermeability. On
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OCT, an elevation of the neurosensory retina from the RPE,
with an optically empty space in between, is observed.
Recent studies using three different SD-OCT devices
reported a significant increase in the thickness of the
choroid in eyes affected with acute CSCR. In 28 eyes of 19
patients with CSCR, the mean choroidal thickness was 505
+ 124 pm on Spectralis OCT. This was 85% greater than
that of age-matched healthy eyes (P < 0.001). This finding
suggests that the pathophysiology of CSCR may involve an
increase in the hydrostatic pressure in choroidal vessels.
Generally, CSCR resolves spontaneously within 3-6
months, but in some patients subretinal fluid can persist for
many months, leading to permanent visual dysfunction. This
chronic from of CSCR may require intervention with
treatments such as laser photocoagulation and
photodynamic therapy (PDT). Recently, an investigation
revealed a significant reduction in choroidal thickness, from
389 + 106 um at baseline to 330 + 103 um (P < 0.001), 4
weeks following PDT in eyes +affected with CSCR. This,
however, was not true for eyes that were treated with laser
photocoagulation 4 weeks after treatment (345 + 127 pum
versus 340 + 124 pm, P = 0.2). Such a reduction in
choroidal thickness following PDT for CSCR has been
demonstrated in another more recent investigation as well
given the widespread use of PDT for the treatment of
CSCR, analysis of choroidal thickness using SD-OCT may
be a parameter to assess for disease activity following
treatment. In addition, evaluation of choroidal thickness
may assist in differentiating CSCR from other causes of
exudative/serous retinal detachment.

Diabetic retinopathy

Diabetic retinopathy is the leading cause of visual
impairment in working-age adults worldwide. The
pathogenesis and clinical features of diabetic retinopathy are
primarily attributed to retinal vascular damage. However,
studies on vascular filling of the choroidal vessels suggest
that choroidal angiopathy may also be involved. Delayed
choroidal vascular filling, which manifests as choroidal
hypofluorescence on ICG, is observed in eyes affected with
diabetic retinopathy, and correlates with the severity of
disease. Using SD-OCT, analysis of choroidal thickness in
eyes affected with diabetic retinopathy has been performed.
Regatieri et al. reported a significant thinning of the choroid
in eyes with proliferative diabetic retinopathy and diabetic
macular edema, but not in eyes with nonproliferative
diabetic retinopathy, when compared with age-matched
healthy eyes. Esmaeelpour et al. analyzed the subfoveal
choroidal thickness in eyes with different clinical features of
diabetic retinopathy, and found that eyes with
microaneurysms, hard exudates and macular edema had a
mean subfoveal choroidal thickness of 208 + 49 um, 205 +
54 ym and 211 £ 76 pm, respectively, when compared with
327 + 74 pm in healthy eyes (P<0.001). This suggests that
choroidal angiopathy may be related to disease severity, and
choroidal thickness analysis using SD-OCT may be an
important parameter to assess for the severity of diabetic
retinopathy.

Evaluation of various features in the retina of patients with
retinal dystrophies, in particular retinitis pigmentosa, has
been investigated using SD-OCT. However, the choroid has
only recently been evaluated in these diseases using SD-
OCT. Scanning Doppler flowmetry studies show that
choroidal blood flow is diminished, and correlates with the
cone function in eyes affected with retinitis pigmentosa.
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Yeoh et al. first described the changes in the structure and
thickness of the choroid in retinal dystrophies other than
retinitis pigmentosa, and reported focal and/or diffuse
choroidal thinning in eyes with severe disease. Recently,
Dhoot et al. demonstrated a mean choroidal thickness of
245.6 £ 103 pum in 21 patients with retinitis pigmentosa, in
comparison with 337.8 + 109 um in healthy eyes (P <
0.0001) using Spectralis EDI OCT. These studies provide a
new insight regarding the involvement of choroid in
inherited retinal dystrophies.

Future Directions

With the growing evidence regarding the involvement of
choroid in retinal diseases, it has become increasingly
important to visualize the choroid in anatomic detail. Up
until recently, the choroid could not be visualized
effectively. Recent innovations in technology have helped
with overcoming this limitation. Further ongoing
advancements are expected to provide an even better
understanding of choroidal involvement in retinal diseases
using various techniques.

Longer wavelength and swept source technology

An accurate assessment of the choroid using OCT requires
that the choroid be visualized up to the choroid-sclera
interface. Studies using Cirrus OCT system report a clear
visualization of the choroid-scleral interface in 70-75% of
healthy and diseased eyes. To our knowledge, the
percentage of eyes that have a clearly delineated choroid-
sclera interface has not been reported with Spectralis and
RTVue OCT systems. For adequate analysis of choroidal
thickness and volume in healthy and diseased states, the
clarity of the choroid-sclera interface is imperative. This can
be achieved by increasing the depth of tissue penetration
using a longer wavelength of incident light centered near
1050 nm, so that attenuation from scattering can be reduced.
Prototype OCT systems using longer wavelength have
demonstrated an enhanced visualization of the choroid, also
through opaque media. SS-OCT technology is also expected
to improve the visualization of the choroid. Because swept
laser light sources can rapidly sweep the required
frequencies, the acquisition of scans is much faster in SS-
OCT, when compared with the SD-OCT systems. The SS-
OCT systems have axial scan rates of up to 100 000-236
000 A-scans per second, which is five to 10 times that of the
SDOCT systems, and can achieve 11 um axial resolutions in
tissue. Because data can be acquired much faster,
volumetric assessment of the choroid is also feasible.

As longer-wavelength OCT systems including SS-OCT
become available, the visualization of choroid-sclera
interface is expected to improve. This is important in
diseases such as CSCR, where the choroid is thicker than
normal, and thus difficult to evaluate across its entire width.
In addition, volumetric analysis of the choroid, as well as
that of the various pathological features such as choroidal
neovascularization and subretinal/intraretinal fluid, may be
possible. Such a volumetric analysis is expected to help with
monitoring the progression of diseases such as wet AMD,
CSCR and diabetic retinopathy, as well as assessment of the
response to treatments such as anti-VEGF agents, laser
photocoagulation and PDT.

Doppler optical coherence tomography
In contrast to ICG and fluorescein angiography, which are
two-dimensional investigations for blood flow analysis,
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Doppler OCT is a promising technology, in that it is depth
resolved, such that precise location of vascular
abnormalities can be localized using cross- sectional
imaging. Doppler OCT can evaluate blood flow and volume
of retinal and choroidal vasculature, highlight vessels where
the flow is present and evaluate abnormalities in retinal and
choroidal vasculature. Given theevidence of choroidal
angiopathy in various retinal diseases, this technology
promises to help with monitoring of chorioretinal diseases,
in particular wet AMD. It is also expected to aid in the
differentiation among diseases such as wet AMD, CSCR
and PCV.

En-face imaging

Software modifications, improvements and efficient
processing of data are important for effective evaluation of
changes in retina and choroid in posterior segment diseases.
One of the advancements, known as en-face imaging, allows
the clinician to visualize three-dimensional data in a fundus
projection. Using this technique, particular retinal and/or
choroidal layers at a given depth are projected onto an en-
face view. Although cross-sectional images (B-scans) have
helped delineate pathological features in retinal diseases, as
such, microstructural changes and morphology of the retinal
and choroidal vasculature are hard to evaluate using B-
scans. This is expected to improve as en-face imaging
provides further detail about the subtle pathological features
in the retina and choroid in diseased states. In addition, the
involvement of the specific vascular layers of the choroid in
different diseases such as AMD, CSCR, diabetic retinopathy
and inherited retinal dystrophies is expected to delineate in
further detail using this technique.

Conclusion

OCT technology provides for enhancement of the
understanding, monitoring progression and response to
various treatment modalities employed in chorioretinal
diseases. As such, these advancements have revolutionized
ophthalmic practice over the last decade. Further
innovations in both hardware and software technologies are
expected to aid in the assessment of chorioretinal diseases in
more detail.
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