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Background and Objective: Optical coherence tomography (OCT) is a non-invasive imaging tool
that can provide rapid cross-sectional images of the retina, cornea, and optic nerve head in live patients.
The objective of this review is to provide an overview of the technical advancements and current clinical
applications of OCT for managing patients with retinal disorders.

Methods: Narrative overview synthesizing the findings of literature retrieved from searches of
computerized database, authoritative texts and authors’ clinical experience and expertise.

Key Content and Findings: Unlike the first-generation time-domain OCT (TD-OCT) instruments, the
newer spectral-domain OCT (SD-OCT) instruments use a broadband light source to increase axial image
resolution. In addition, the decreased image acquisition time also increases the transverse image resolution,
reduces motion artifacts, and allows serial cross-sectional images of the retina to be obtained rapidly. A
three-dimensional (3D) image of the retina, reconstructed using serial two-dimensional (2D) OCT images,
can be used to quantitate retinal thickness and volume and perform analysis of retinal topography. Currently,
commercial SD-OCT instruments are used routinely in clinical practice to obtain morphologic information
used to diagnose and manage patients with various retinal disorders including macular degeneration and
diabetic retinopathy. Newer swept-source OCT technology with faster image acquisition, provides wider
field imaging of the peripheral retina. SD-OCT instruments can be incorporated into surgical microscopes
to allow imaging of the retina during retinal surgery so that morphologic changes in the retina from surgical
maneuvers can be observed in real time. More recently, OCT angiography (OCTA) has been developed
which allows rapid, non-invasive 3D imaging of retinal and choroidal vascular flow. This is achieved by
processing rapid serial SD-OCT images to detect movement of blood cells within vessels. Research has been
done to further improve image resolution of SD-OCT to a cellular level by adding adaptive optics (AO)
technology. The latest in SD-OCT technology is optoretinography (ORG), a technique to derive functional
information from OCT images of the retina.

Conclusions: Advancement in OCT technology has made it possible to obtain high resolution retinal

images that can provide anatomic, physiologic and functional information of the retina in live patients.
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Introduction

The retina is a highly specialized neural tissue that lines
the back of the eye. It is the primary neurosensory tissue in
the eye that initiates visual signal processing, making vision
possible. The retina is organized into distinct cellular layers
which can be visualized in vivo using an imaging technology
called optical coherence tomography (OCT) (Figure 1).
OCT can provide near histologic image resolution of the
retinal layers quickly and non-invasively. As such, OCT has
become an invaluable tool in diagnosis and management of
retinal disorders that affect vision. In this narrative review,
we will discuss the anatomy of the retina and the associated
vascular supply as background for the clinical applications
of OCT. An overview of the development of OCT over the
last three decades will be discussed to highlight the latest
advancements in this imaging technology that have resulted
in improved clinical application of this technology.

Background: anatomy of the retina

The retina is an intricately organized tissue with distinct
cellular layers (Figure I). The outermost layer of the retina
is the retinal pigment epithelium (RPE), a monolayer of
pigmented cells situated between the neural retina and
the choroid. The choroid provides vascular supply to the
RPE and photoreceptors, the main neuronal cells in the
outer retina (1). The RPE serves many essential functions,
including absorption of excess light, transport of nutrients,
phagocytosis of photoreceptor outer segments, and
maintenance of retinal homeostasis, in particular recycling
photopigment and breaking down waste products from the
absorbed photoreceptor outer segment material (2).

Above the RPE lies the neurosensory retina, which
consists of multiple layers of specialized neuronal cells
responsible for processing visual information. The layers of
the retina are oriented in such a way that the photoreceptor
cells are closest to the RPE, with subsequent layers
stacked internally in the eye toward the vitreous cavity (3).
The photoreceptor layer in the outer retina contains the
somata and the inner and outer segments of rods and
cones, responsible for capturing light (4). Just within the
photoreceptor layer is the external limiting membrane
(ELM) which serves as a barrier-like structure that separates
the inner segments of photoreceptor cells (housing
mitochondria) from the outer nuclear layer (ONL) where
the retinal Muller glial cells join the photoreceptor cells (5).
It functions to maintain the integrity and organization
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of the photoreceptor layer (6). The ONL, containing
the cell bodies of photoreceptors, is just above the outer
plexiform layer (OPL), where photoreceptors synapse
with bipolar and horizontal cells (7,8). Some very early
processing steps of the visual signal happen at this junction,
such as rapid motion detection and contrast enhancement.
The inner nuclear layer (INL) contains the cell bodies
of bipolar, horizontal, and amacrine cells, which mediate
synaptic connections between photoreceptors and ganglion
cells. The inner plexiform layer (IPL) houses synaptic
connections between bipolar, amacrine, and ganglion
cells, allowing for the integration and refinement of visual
information (9). Finally, the ganglion cell layer (GCL) holds
the somata of ganglion cells. The axons of these ganglion
cells collectively form the retinal nerve fiber layer (RINFL)
before converging at the optic disc and forming the optic
nerve (10). On the inner border of the RNFL is the inner
limiting membrane (ILM), a thin, acellular layer that forms
the interface between the retina and the vitreous humor;
ILM provides structural support and anchoring for the
retinal tissue (11). Figure 1 is a cross-sectional OCT image
showing the various retinal layers. The integrity of these
retinal layers is clinically relevant, as many conditions
selectively affect one or more specific layers within the
retina. The ability to distinguish and monitor these layers in
the retina on OCT images can provide critical information
for diagnosing and managing retinal disorders.

The retina can be further categorized into two distinct
regions: the central retina and the peripheral retina (12).
Situated at the posterior pole of the eye, the central retina
encapsulates the macula, a specialized area responsible for
central vision, which in turn contains the fovea centralis,
a small depression in the center of the macula (Figure I).
In the fovea, cone photoreceptors are densely packed to
provide high acuity and color central vision. Clear central
vision allows tasks like reading and recognizing faces to
be performed (13-15). Cone photoreceptors in the fovea
have a one-to-one synaptic connection with bipolar cells.
The dense photoreceptor packing in the fovea translates to
high acuity vision. The cones and rods are at about equal
density between 400-500 pm from the fovea, i.e., periphery
of macula, after which the retina becomes rod dominant.
The rod dominant peripheral retina provides night and
peripheral vision and motion detection (13-17). The
peripheral retina extends from the outer edge of the macula
to the ora serrata, the transition zone where the retina ends.
In the peripheral retina, there is greater convergence of
photoreceptors to bipolar cells and further convergence
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Figure 1 OCT image of the central retina, i.e., macula, showing the various layers of the retina. (A) En face near-infrared reflectance image

of the macula. The blue horizontal line in (A) indicates the location of the OCT scan in (B). The red vertical line in (A) indicates the

location of the vertical OCT scan of the macula that was simultaneously generated by the OCT machine but not included in this figure. (B)

Cross-sectional B scan OCT image of the macula including the fovea (central depression) with the various retinal layers identified. ELM,

external limiting membrane; GCL, ganglion cell layer; INL, inner nuclear layer; IS/OS junction, inner segment/outer segment junction of

the photoreceptor layer (also called ellipsoid zone); OCT, optical coherence tomography; ONL, outer nuclear layer; OPL, outer plexiform

layer; RPE, retinal pigment epithelium.

of bipolar cells to the ganglion cells. The result is the
peripheral retina having a decrease in acuity but greater
aggregate and spatial processing for motion detection (4,13).

The blood supply of the retina comes from two primary
sources: the central retinal artery and the choroid (18).
The central retinal artery, a branch of the ophthalmic
artery, enters the eye through the optic nerve and branches
extensively to provide blood supply to the inner layers of the
entire retina (19). Complementing this vascular supply is the
choroid, a highly vascular layer located directly beneath the
RPE (Figure 1). The choroid contains the choriocapillaris,
a dense network of blood vessels that provides the blood
supply to the outer layers of the retina, including the
photoreceptors and RPE (20). This dual blood supply to the
retina ensures efficient oxygenation and nutrient delivery to
the entire thickness of the retina. This vascular arrangement
addresses the significant metabolic demands of the retina.
The unique structure of the fovea, which is devoid of the
inner retinal layers and supplied purely by the choroid,
allows light to reach the photoreceptor cells directly and
without obscuration from the presence of any overlying
inner retinal neurons.

Rationale and knowledge gap

Given its complex anatomy, it is difficult to evaluate the
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morphologic changes in the retina in live patients purely
based on clinical examination. A non-invasive imaging
method to rapidly evaluate the various layers of the retina
in live patients is invaluable in diagnosis and management
of patients with various retinal disorders. This is possible
using OCT imaging of the retina. In this narrative review,
we provide an overview of the technological advancements
in OCT imaging that allow rapid iz vive imaging of the
retina in live patients to obtain morphologic, vascular flow
and even functional information that can be used in our
clinical management of patients with retinal disorders. We
present this article in accordance with the Narrative Review
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-24-211/rc).

Methods

"This narrative review summarizes the technical development
and clinical applications of OCT retinal imaging. This
review was written based on literature searches conducted
by authors using the PubMed database between September
2023 to April 2024 (Table 1). It also includes information
obtained from authoritative texts and information provided
by the authors based on their research on OCT imaging
and their expertise as experienced ophthalmologists treating
patients with retinal disorders.
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Table 1 The search strategy summary

Langlo et al. OCT retinal imaging advancements and applications

ltems Specification

Date of search Sep 01, 2023 to Apr 30, 2024

Database PubMed

Search terms used

Optical coherence tomography retina; spectral-domain OCT of retina; Fourier-domain OCT of retina;

swept source OCT; optical coherence tomography angiography; phase variance OCT; retinal anatomy;
adaptive optics-OCT; intraoperative OCT; optoretinography

Timeframe No limit

Inclusion criterion English only

Selection process

All authors conducted the selection and consensus was obtained via discussion among all authors

OCT, optical coherence tomography.

OCT: in vivo cross-sectional imaging of the
macula

OCT has revolutionized the diagnosis and management
of retinal pathology, especially macular pathology. OCT
can generate high-resolution, cross-sectional images of the
retina quickly in live patients. Its ability to image the various
retinal layers and localize associated pathologic processes
makes OCT an indispensable tool in the current clinical
practice of ophthalmology.

The underlying principle of OCT imaging is
interferometry, a technique used to measure and analyze
interference patterns generated by two or more coherent
light waves (21). OCT utilizes low-coherence interferometry
that begins with a broad-spectrum light source. The light
is then split into two arms: a sample arm and a reference
arm. In the sample arm, light is directed into the eye to scan
various tissues. As light interacts with tissue, it is reflected
back towards the OCT machine; each light reflection is
affected by the tissue’s intrinsic properties and the depth
of the object scattering the light (21,22). Meanwhile, the
light in the reference arm is directed towards a mirror,
which then reflects it back toward the detector. These two
returning light waves, having traveled different distances,
are slightly out of phase. When they arrive together at the
detector, they produce an interference pattern, known as
an interferogram, which can be analyzed to unveil depth-
coded information and generate an image (21). While OCT
technology can provide images of different parts of the eye,
including the anterior segment and optic nerve head, this
review will focus on OCT imaging of the retina and choroid
to diagnose and manage retinal disorders.

The OCT image is generated from a series of “A-scans”
that are combined to form a two-dimensional (2D), cross-
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sectional “B-scan” image. The “A” and “B” scan terminology
used in OCT imaging is adapted from ultrasonography.
The A-scan is generated when light passes into the eye at
a single point and is reflected back by the various layers of
the retina. This provides information about the internal
structure of the tissue at that specific point, with intensity
proportional to the reflectivity of a given tissue (23).
By adding a scanning mirror to move the incident light
laterally, multiple A-scans can be acquired to generate
cross-sectional images, or B-scans, of the tissue. The B-scan
OCT image of the retina is a 2D cross-sectional image of
the retina providing reflectivity information of the various
retinal layers (Figure 1B) (24). The B-scan OCT image is
commonly used to access the integrity and morphology
of the various retinal layers and assess retinal thickness.
Although OCT can be used to image different parts of the
retina, it is most commonly used to image the macula and
diagnose maculopathy. It is commonly used to diagnose
and monitor macular changes associated with various
retinal diseases, such as macular edema (25), macular holes,
macular degeneration and retinal detachment. Volumetric
or three-dimensional (3D) images of the retina (macula),
are produced by stacking adjacent 2D B-scan images (26).
This 3D reconstructed OCT image can be used to visualize
structures within the retina from various angles and depths.
The 3D volumetric images of the retina can be used to
generate en face, i.e., C-scan images, of the various layers
of the retina. Similarly, OCT can also be used to image the
optic nerve head to evaluate optic neuropathy and glaucoma
and associated changes in the RNFL thickness. These OCT
changes can be obtained serially to evaluate for progression
of these conditions.

OCT enables clinicians to visualize and quantify
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Table 2 OCT changes associated with common retinal disorders involving the macula

Subretinal fluid on Intraretinal fluid

Retinal disorder macular OCT

on macular OCT

Other characteristic OCT findings

AMD, non-advanced No No

AMD, neovascular or Yes Yes
exudative

AMD, advanced with No No
geographic atrophy

Diabetic retinopathy with  Only in severe cases  Yes
macular edema

Central serous retinopathy Yes No
Epiretinal membrane/ Rarely in severe cases Yes in more

macular pucker severe cases

Retinal detachment Yes if macula involved No

Uveitic macular edema Some forms of uveitis  Yes

Drusen, PED
Drusen, PED, SHRM

Drusen, PED, focal loss of outer retinal layers with hyperreflective
shadowing into choroid

Intraretinal hyper-reflective foci may be present from exudates

Small PED; pachychoroid*

Hyperreflective linear structure on the retinal surface; retinal surface
irregularity; loss of foveal depression

SRF may vary with head position if serous retinal detachment

Possible hyperreflective foci in the vitreous cavity from vitreous cells

*, the choroidal layer on OCT will be thicker than the overlying retinal layer in eyes that are pachychoroid. AMD, age-related macular
degeneration; OCT, optical coherence tomography; PED, pigment epithelial detachment (i.e., focal elevation of the retinal pigment
epithelium); SHRM, subretinal hyperreflective material; SRF, subretinal fluid.

structural changes within the retina, allowing for early
detection and precise monitoring of disease progression.
Importantly, OCT can reveal pathological changes that
may not be apparent on clinical examination alone. For
example, subtle signs of macular edema or subretinal fluid
accumulation, indicative of various retinal disorders, may
be missed during routine eye examination but readily
identified on OCT scans (Table 2) (25). By providing
detailed, quantitative information about retinal morphology
and pathology, OCT enhances diagnostic accuracy, guides
treatment decisions, and enables timely intervention to
preserve vision and prevent irreversible damage to the
retina. The non-invasive nature and ability to perform
rapid, repeatable scans make OCT an indispensable tool in
the comprehensive evaluation of retinal diseases.

OCT: advancement in image acquisition speed and
resolution

The first-generation OCT instrument developed for cross-
sectional imaging of the retina i vivo used time-domain
OCT (TD-OCT) which uses a physically moving mirror
to obtain a signal (21,27,28). Using TD-OCT, image
acquisition speed is limited by the movement of the mirror
such that only a limited number of A-scans of the retina can
be obtained without eye movement artifacts. The result is
an OCT cross-sectional B-scan image with limited image
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resolution (Figure 24) (21,27-29). The only commercial
TD-OCT instrument was the Stratus OCT (Zeiss Meditec,
Oberkochen, Germany). Using the Stratus TD-OCT, only
six radial B-scans of the macula could be obtained, limiting
our ability to evaluate the entire macula.

Subsequent introduction of spectral-domain OCT
instruments [SD-OCT, also called frequency or Fourier
domain-OCT (FD-OCT)] refined the signal of obtained
retinal images and expanded the capabilities of the
instrumentation (Figure I and Figure 2B) (23,28,30).
Instead of a physically moving mirror used in a TD-OCT
instrument, SD-OCT utilizes a spectrometer to detect the
frequency of reflected light, which is then transformed back
for spatial information. The transition to SD-OCT from
TD-OCT resulted in significantly faster image acquisition.
By increasing the rate at which A-scans can be obtained, a
higher density of A-scans can be used to generate a B-scan
OCT image without increasing the amount of time to
acquire the images. With SD-OCT, scan speed is increased
to 50,000 A-scans/s or more (31,32), resulting in improved
lateral image resolution (the resolution in the axial plane
is dependent on the light source). Faster imaging reduces
the incidence of motion artifact and allows for acquisition
of a greater number of B-scan images in a relatively short
time. In turn, higher density serial B-scans can be obtained
and used to create 3D-volumetric images of the macula.
The result is a more complete imaging of the entire macula
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Figure 2 Time domain versus SD-OCT image of a normal macula.
(A) TD-OCT image is displayed in pseudo-color to highlight the
various layers of the retina (green) from the RPE (red). Note that
the retinal layers are not clearing visualized. (B) SD-OCT image
showing the various layers of the retina that can be visualized
clearly even using grayscale. TD-OCT image has lower image
resolution due to lower sampling when compared to the faster
SD-OCT image. Improvements in light sources also improved
the axial resolution of SD-OCT image when compared to TD-
OCT such that the retinal layers are more clearly visualized. RPE,
retinal pigment epithelium; SD-OCT, spectral domain optical
coherence tomography; TD-OCT, time domain optical coherence

tomography.

with increased sensitivity to detect abnormalities within the
retinal layers (Figure 1) (33).

Around the time that SD-OCT instruments were being
developed, advances in light sources provided additional
improvement in OCT image resolution (32,34,35). The
axial resolution of OCT images is based on the breadth of
frequency of the light used to obtain the image. Broadband
light sources allow for greatly improved axial resolution of
OCT images (36,37). TD-OCT systems using older light
sources had axial resolutions of around 10 pm, whereas
current SD-OCT instruments can achieve axial resolutions
of up to 2 pm (32,34). The improved axial image resolution
allows improved resolution of the various layers of the retina.
While the advancement in light source could improve the
axial resolution of TD-OCT as well, SD-OCT, with faster
image acquisition time, was able to optimize both the axial
and transverse image resolution of the OCT image.

Further advances in light source technology allowed for
even faster image acquisition times with the development of
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swept source OCT (SS-OCT), a type of SD-OCT (38,39).
In SS-OCT, the light source “sweeps” through a range of
wavelengths rather than a broadband source of light (38,39).
This provides a couple of advantages. One is that the range
of wavelengths used extends further than that of a single
source. Using the longer wavelength end of the spectrum
of the light source allows for deeper penetration into tissue
and imaging of structures that may be obscured using
standard FD-OCT. An example is imaging of the choroid
which can be imaged more completely using SS-OCT as
there is less overall reflection from the overlying retinal
tissue (40). Similarly, SS-OCT allows imaging of deeper
optic nerve structures, such as the lamina cribrosa (41). SS-
OCT also allows for improved image acquisition speed since
the light source “sweeps” through a range of wavelengths
very quickly and faster cameras are available to sample
the signals (39) at various wavelengths. As a result, some
SS-OCT instruments can offer wide field OCT imaging
capabilities such that the macula and peripheral retina can
be imaged simultaneously (42). SS-OCT is becoming more
prevalent in retinal imaging, but the use of commercial SS-
OCT instruments in clinical practice has been less popular
than expected, possibly due to increased cost.

Clinical applications of OCT retinal imaging

Improved transverse and axial resolution made possible
using SD-OCT instruments allows iz vive analysis of
retinal morphology with image resolution approaching
that of traditional histology (Figure I). Each of the bright
and dark bands seen in the SD-OCT B-scan of the macula
have been correlated with the histologic layers of the retina
(43-45), though some debate remains regarding the
subcellular nature of some of these features. For example,
one of the outer retinal bands on OCT B-scan is believed
to represent either the junction of the photoreceptor
inner and outer segments or the ellipsoid of the inner
segment (35,45,46). SD-OCT imaging has improved
our understanding of the pathogenesis of various retinal
conditions and provided biomarkers to access prognosis
and treatment outcome of these various retinal conditions.
For example, subtle disruptions in the photoreceptor layer
on SD-OCT has been identified in eyes with previously
unexplained vision loss (47). Furthermore, choroidal
neovascularization associated with exudative age-related
macular degeneration (AMD), traditionally diagnosed
using fluorescein angiography, can be visualized using SD-
OCT 3D imaging and localized to subretinal or sub-RPE
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Figure 3 The map of the nine zones of the macula based on
the ETDRS macula grid is denoted in green and overlayed on a
fundus image of the macula. Note that each of the nine zone has a
numerical value which corresponds to the retinal thickness of the
macula in that sector of the macula in micrometers. Each of the
nine zones is denoted in green color in this map, indicating that the
macular thickness is within the normal range for all zones. Macular
thickness that falls outside the normal limits are represented by
color other than green to denote abnormality. ETDRS, early
treatment of diabetic retinopathy study.

space (48). This additional anatomic information allows us
to further characterize choroidal neovascularization with
different prognoses.

Currently available commercial SD-OCT instruments
have built-in segmentation algorithms that create detailed
thickness maps of the macula. As shown in Figure 3,
the macular thickness map of a commercial SD-OCT
instrument divides the macula into 9 zones, based on regions
used in the Early Treatment for Diabetic Retinopathy Study
(ETDRS). The thickness measurement of each of these
9 zones are provided numerically and denoted by different
colors, depending on whether the thickness is increased,
normal or decreased. The OCT macular thickness
measurements and qualitative assessment of the individual
high-resolution B-scan OCT images of the macula are used
routinely to monitor for changes in the macula associated
with various retinal diseases. Repeatability of OCT macular
and RNFL thickness measurement using commercial SD-
OCT is high using the same instrument and eye tracking
but can vary somewhat among different commercial OCT
instruments due to differences in segmentation algorithm
(49,50). The OCT macular thickness measurement has been
used to monitor treatment effect in clinical trials as well as
clinical practice (51-53). Macular thickness measurement
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and presence or absence of intraretinal and subretinal
fluid on OCT B-scans have become biomarkers used as an
endpoint for treatment of choroidal neovascularization and
macular edema associated with common retinal disorders
such as AMD and diabetic retinopathy (Figure 4) (54,55).
Table 2 provides a summary of common retinal conditions
associated macular changes on OCT.

While early clinical TD-OCT instruments provided
some cross-sectional information of the macula used to
diagnose maculopathy such as macular holes, epiretinal
membranes (ERMs), and intra- or subretinal fluid (29),
the higher density B-scans with higher axial resolution,
decreased signal-noise ratios possible using SD-OCT have
allowed diagnosis of more subtle changes in the macula.
Small abnormalities limited to specific retinal layers, not
visualized using earlier generation TD-OCT instruments,
can be well visualized using the current SD-OCT
technology, improving our diagnostic ability (33,47).

Improved diagnosis and characterization of specific
macular disease states became possible as image quality
improved using SD-OCT (Tuble 2). SD-OCT allowed
improved diagnosis of ERM involving the macula when
compared to TD-OCT and clinical exam (56). In addition,
SD-OCT allowed visualization of associated morphologic
changes in the macular layers that correlates with decrease
in visual acuity in eyes with ERMs (56). In eyes with non-
exudative AMD, characteristic SD-OCT findings have
been identified as risk factors for progression to exudative
AMD. They include, low lying wide pigment epithelial
detachment (PED), also called “double layer sign”, subretinal
hyperreflective material (SHRM) and intraretinal hyper-
reflective foci (Figure 4). By monitoring for the presence of
these OCT findings, risk of progression to exudative AMD
can be better estimated by clinicians. In eyes with non-
exudative AMD, areas of incomplete and complete RPE and
outer retinal atrophy on OCT imaging are of interest and
demonstrate a potential nidus of geographic atrophy, a sign of
advanced nonexudative AMD (Figure 4B) (57). These OCT
features have been used to identify patients at risk for vision
loss from atrophic advanced non-exudative (“dry”) AMD.

With the development of SS-OCT for wide-field
imaging there is an increased ability to image lesion in the
peripheral retina. Using wide-field OCT, peripheral retinal
elevation from a retinal schisis (a separation of layers within
the retina) can be differentiated from a retinal detachment
(where the retina is separated from the underlying RPE),
a distinction which can be challenging on clinical exam.

Wide-field OCT imaging also allows the entirety of large
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Figure 4 SD-OCT cross-sectional image of the macula of eyes
with common macular disorders. (A) An eye with exudative age-
related macular degeneration. The arrow indicates the RPE which
becomes elevated due to choroidal neovascularization. Intraretinal
fluid (arrowhead) and subretinal fluid (star) are signs of active
exudative age-related macular degeneration in this OCT image.
OCT images are repeated over time to monitor disease response to
treatment, i.e., intravitreal injection of drugs that inhibit vascular
endothelial growth factor, based on resolution of subretinal
and intraretinal fluid. (B) An eye with geographic atrophy from
advanced nonexudative or “dry” age-related macular degeneration
showing focal loss of RPE and photoreceptor layer (star) just nasal
to the fovea. There is increased light transmission in the region of
RPE loss as manifested by increased reflectance of the OCT signal
in the underlining choroidal layers. (C) An eye with diffuse macular
edema from diabetic retinopathy. Note that the inner retinal layers
are thickened and somewhat blurred with cystic spaces within
the inner retinal layers from intercellular and intracellular fluid
accumulation within the retinal layers. OCT, optical coherence
tomography; RPE, retinal pigmented epithelium; SD-OCT,

spectral domain optical coherence tomography.

peripheral lesions to be captured in a single image.
Going deeper—enbanced depth imaging

While most of the attention using OCT imaging has

been on the retina, many conditions affect the choroid
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which is less well visualized using OCT. Multiple physical
limitations play a role in limiting OCT visualization of
the choroid including wavelength of the light source as
well as the way that light is focused on the tissue and then
detected. The default setting is optimized for clarity within
the retinal layers (41,58). Wavelength of light also plays
a role—longer wavelength light can penetrate deeper
tissues due to a decrease in light scattering. By adjusting
OCT imaging parameters, improved resolution of deeper
structures can be obtained using SD-OCT. An example of
this is enhanced depth imaging OCT (EDI-OCT). This
adjustment available in commercial SD-OCT instruments
changes the “focus” of the camera to deeper structures in
the eye and allows for improved image resolution of the
choroidal layer. As noted above, SS-OCT can also improve
penetration to these deeper layers by sweeping through
longer wavelengths. Conditions that primarily affect the
choroid have been identified as a result. An example is the
so-called “pachychoroid spectrum” of conditions, such
as polypoidal choroidal vasculopathy and central serous
chorioretinopathy, which is characterized by a thickened
choroidal layer in the macula on EDI-OCT images (59).
Tumors of the RPE and choroid can also be better
characterized and imaged using EDI-OCT. Characteristics
of specific posterior segment eye tumors such as the tumor
depth and extent of involvement, presence of associated
subretinal fluid and contour of the tumor can be obtained
using EDI-OCT imaging which aids in diagnosis (Figure 5).
Treatment response may also be tracked using EDI-OCT
by making comparative measurements of lesion size and
associated morphologic changes in the retina over time.
Finally, with recent advances in suprachoroidal drug
delivery, OCT with deeper penetration can be used to help

confirm drug delivery in this space.

OCT angiography (OCTA)

Angiography, using fluorescein or indocyanine green (ICG)
dye, has long been the standard imaging method to evaluate
the retinal and choroidal vasculature and flow. However,
these invasive procedures require an intravenous injection
of contrast dye, are time-consuming and provide only 2D
image information.

Retinal and choroidal flow can be imaged i vivo in 3D
by using standard SD-OCT instruments with software
modifications. By rapidly obtaining multiple SD-OCT
images of the same region of the retina and determining
dynamic portions of the image, a motion contrast image
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Figure 5 Images of an eye with choroidal melanoma involving the macula. (A) Color fundus photograph of the right eye of a patient with

choroidal melanoma adjacent to the optic nerve and involving the nasal macula. (B) Enhanced depth imaging SD-OCT cross-sectional

image of the macula and though the choroidal melanoma showing the presence of subretinal fluid over the elevated choroidal tumor, a sign

of exudation from tumor growth. SD-OCT, spectral domain optical coherence tomography.

is formed which detects movement of blood cells within
vessels. The resulting angiographic image from serial OCT
scans is termed OCTA (60). Other terms used for OCTA
in earlier studies include phase-variance or phase-contrast
OCT or power-doppler OCT, depending on the software
used to generate OCTA images (61,62). The advantages of
OCTA imaging over traditional fluorescein angiography
include rapid image acquisition without using intravenous
contrast. However, fluorescein angiography cannot be
completely replaced by OCTA since retinal vascular filling
time and vascular leakage cannot be determined using
OCTA (61). These are important angiographic findings that
may be critical in diagnosing certain retinal vasculopathies.

One distinct advantage of OCTA over contrast-based
angiography is the three-dimensionality of the images. Not
only can the location of perfused vessels be mapped, but the
depth of the affected vascular networks can be determined
by choosing specific strata within the cross-sectional OCTA
images. The 3 separate retinal capillary plexus layers—
superficial, middle and deep—can be separately imaged
using OCTA by selecting the depth within the retina to be
analyzed. Most commercial OCTA software is preset to
segment OCTA images into two plexus layers, superficial
and deep. Some commercial OCTA systems also provide
automated quantification of vascular density for the retinal
layers (63-65). The automated quantification of the vascular
density is repeatable but can be affected by morphologic
changes such as macular edema (66,67). Foveal avascular
zone area can also be measured using commercial OCTA
instruments with high repeatability (63,68).

The depth information of retinal vascular flow
provided by OCTA, not available with a 2D fluorescein

© AME Publishing Company.

angiogram, can be invaluable clinical information for
diagnosis of certain clinical entities. Conditions such as
paracentral acute middle maculopathy and acute macular
neuroretinopathy, can only be diagnosed using OCT and
OCTA since retinal vascular non-perfusion is localized
within the deeper retinal vascular plexus layers of the
macula (69). In eyes with macular telangiectasia, subtle
retinal vascular changes in the macula have been noted
even in the earliest stages of this condition which is
thought to be associated with Muller cell degeneration (62).
Furthermore, the 3D retinal vascular flow information
obtained using OCTA has improved our understanding of
pathogenesis of vision loss associated with common retinal
vasculopathies, such as diabetic retinopathy (70,71).

The vessel depth also can be used to diagnose abnormal
retinal or choroidal neovascularization which requires
prompt intervention to minimize risk of vision loss. Retinal
neovascularization is seen on the surface of the retina in eyes
with severe retinal ischemia, such as proliferative diabetic
retinopathy. The surface location of this abnormal vascular
proliferation can be imaged using OCTA to differentiate it
from intraretinal vascular anomalies (72). Similarly, choroidal
neovascularization, characterized by abnormal subretinal
or sub-RPE fibrovascular proliferation, can be visualized
using OCTA (61,73). Prompt diagnosis of choroidal
neovascularization is important so that intervention can
be initiated to minimize severe vision loss. The presence
of intra and subretinal fluid on OCT and/or hemorrhage
on fundoscopy can provide clinical evidence of exudation
which is used to confirm the diagnosis of active choroidal
neovascularization that warrant treatment (Figure 44). By
segmenting the deep outer retinal layers and the subretinal/
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Figure 6 OCTA with motion artifacts. (A) The en face OCTA image shows the branching pattern of vascular flow detected within the retinal

circulation. Some horizontal lines are present in the image that correspond to motion artifacts resulting from eye movement during image

acquisition. Note the discontinuity in the retinal vascular flow pattern on either side of these artifacts. Such movement artifacts can prevent

accurate quantification of vascular flow. (B) Corresponding spectral domain OCT B-scan of the same eye just superior to the fovea is shown.

The dashed colored lines within the B-scan OCT image represent the segmentation of the retina that corresponds to the area imaged in

OCTA image (A). OCT, optical coherence tomography; OCTA, optical coherence tomography angiography.

sub-RPE layers in the OCTA image, subretinal or sub-RPE
neovascularization may be detected as these deeper outer
retinal layers which are normally avascular. Some commercial
OCTA systems have preset settings that allow automated
segmentation of these layers to aid in diagnosis.

OCTA imaging also allows visualization of flow changes
in the choroid. In eyes with atrophic AMD, flow voids in
the choriocapillaris near geographic atrophy can be clearly
visualized (74). In eyes with posterior uveitis, such as acute
posterior multifocal placoid pigment epitheliopathy (aka
APMPPE), focal flow deficits in the choriocapillaris may be
visualized using OCTA which normalizes with resolution of
the condition (75).

A limitation of using OCTA in clinical practice is the
presence of image artifacts. Clinicians should be aware
that artifacts can be present in the OCTA image that can
give the false impression of blood flow in areas where
there is none. One artifact that is common to any form
of ophthalmic imaging is motion artifact. Given the
en face nature of OCTA images, motion artifact may appear
as a distortion of vessels or may cause a gap in the retinal
area covered, making accurate interpretation difficult or
impossible at times (Figure 6). An artifactual finding more
specific to OCTA is projection artifact—this occurs when
light passes through moving blood and is reflected back
by the RPE (76,77). Projection artifact can result in blood
flow being detected in the RPE or outer retina that mirrors
vascular flow detected in the inner retina (77,78). Since the
RPE and outer retina are normally devoid of blood flow,

© AME Publishing Company.

projection artifacts can be confused for anomalous vessels
along the RPE such as choroidal neovascularization (76).
Conversely, highly reflective structures can reduce or even
eliminate the OCTA signal below them, appearing as a
loss of perfusion where there may be normal flow (78).
Finally, OCTA signals at various layers of the retina
depend on correct segmentation of the layers on the
OCTA image; errors in OCT segmentation in eyes with
retinal morphologic changes can erroneously change the
vascular flow information obtained in different retinal
layers. Various studies have shown that repeatability of
retinal vascular density measurements using commercial
OCTA instruments is high but some reduction in OCTA
vascular density repeatability was observed eyes with retinal
morphologic changes, such as macular edema (66,79).

OCT in the operating room

Having high-resolution cross-sectional imaging of the
retina using SD-OCT in the clinic provides numerous
benefits as outlined above. Now, SD-OCT imaging also can
be obtained intraoperatively using OCT instrumentation
that is incorporated into the surgical microscope. The
structural information of the retina obtained using SD-
OCT can be invaluable in surgical management of various
retinal conditions. One such area is surgery for removal of
ERM where the use of intraoperative OCT (iOCT) can
improve surgical success and outcome by improving our

ability to visualize the ERM (56). iOCT also may be used to
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assist in identifying ideal locations to initiate ERM removal
during surgery; iOCT can be used just after ERM removal
to ensure complete removal of the ERM. It has been shown
that iOCT changes in macular morphology just after ERM
removal can be predictive of long-term anatomic outcome
after surgery (80). Similarly, iOCT has been shown to
provide information that may be important for other
macular surgeries, including macular hole surgery where
it can confirm peeling of the ILM (81). In cases of surgery
for vitreomacular traction syndrome, iOCT has been used
to confirm intraoperatively that the surgery performed was
adequate to completely relieve macular traction (82).

Research grade instrumentation: what the future may bhold

Clinical-grade commercial SD-OCT instruments offer
high resolution images, but image resolution is limited
to about 5 pm axially and about 15 pm transversely
(31,32). Incorporating adaptive optics (AO) into OCT
instrumentation (AO-OCT) significantly increases
transverse resolution of the OCT image to around 3 pm.
Currently, AO-OCT is available only for research; it is
a valuable tool as it allows for visualization of individual
cells in the retina. By obtaining images of finer structures
in the retina, and increasing the resolution of the image,
further information of cellular changes in the retina can
be obtained iz vivo. For example, AO-OCT has been used
to visualize intraretinal cellular changes in an eye with
hereditary maculopathy treated with intravitreal injection
of autologous CD34" stem cells in a clinical trial (83).
Using AO-OCT, researchers have provided additional
evidence for the origin of retinal bands seen on standard
OCT images (Figure 1). For example, AO-OCT imaging
was used to show that the inner-segment outer-segment
junction of photoreceptor is a source for the hyperreflective
outer retinal band after the ELM, rather than “ellipsoid
zone”. Additionally, AO-OCT has been used to image
individual ganglion cells in healthy and diseased retinas,
such that more accurate and detailed assessment of ganglion
cell loss can be obtained than measuring gross thickness
of the RNFL or GCLs using SD-OCT (84,85). While
the processing steps required to obtain AO-OCT images
is cumbersome and labor intensive, these research-grade
instruments allow us to gain new insights into pathogenesis
of retinal diseases and improves our understanding of
observations made using clinical-grade OCT instruments.
An emerging avenue of investigation in retinal imaging
is the development of functional assays using imaging
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technology. Optoretinography (ORG) is a term that
encompasses a number of different techniques to make
functional measurements in retinal tissue exposed to a light
stimulus. The signal being measured in ORG techniques
includes changes in cellular reflectivity in en face retinal
imaging modalities (such as scanning light ophthalmoscopes),
or a shift in the way light is scattered as measured using
SD-OCT (86). These ORG measurements can be made
with high-resolution AO-OCT instruments, but recent
reports also demonstrate that a response is measurable
using clinical-grade SD-OCT instrumentation (87). Other
forms of ORG measurements have been made in various
diseased retinas, but there remains much work that needs
to be done to develop this novel technology for clinical
applications. There is a potential possibility that imaging-
based functional assays, such as ORG, may become available
in the clinic such that OCT could potentially be used in
clinical ophthalmologic practice to obtain structural and
functional information simultaneously.

Strengths and limitations

This article provides a comprehensive review of OCT
development for retinal imaging and corresponding
clinical applications. The strength of the article is that it is
written for a broad range of readers, including readers with
minimal background in ophthalmology as well as current
eye researchers. Additional strength of this article is that the
lead authors are clinicians with expertise in treating retinal
disorders who use OCT imaging regularly in their clinical
practice. Furthermore, the lead authors have conducted
extensive prior research in retinal imaging, including OCT
imaging. As such, some of the clinical applications discussed
in this article are based on common clinical practice or prior
research conducted by the authors. Although this article
is not a systemic review of the topic, literature search was
conducted by the authors and the most relevant published
papers that may be of interest to the readers were selected
for inclusion in this review. The limitation of this study
is that not all published articles on the topic are included
given the word limitation of this article. In addition, we
limited this article to OCT imaging of the retina and
choroid. However, OCT also can be used to image other
ocular structures including the cornea and optic nerve.
Changes in RNFL thickness on OCT have been used to
monitor glaucoma, and deep learning models are being
developed for this purpose (88). Retinal OCT and OCTA
changes are being explored as biomarkers for neurologic
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diseases, such as Alzheimer’s and Parkinson’s disease (89-91).
It is beyond the scope of this article to cover these other
applications. Topics that may be of particular importance
or interest to certain readers may not be discussed in detail
in this review article. Thus, the authors encourage such
readers to conduct their own literature search on the topic
for further reading.

Conclusions

The rapid advancement from nascent technology to universal
adoption of OCT in the clinic is a remarkable achievement.
It highlights the importance of the information obtained
from OCT imaging for modern ophthalmology clinical
practice. The in vivo cross-sectional SD-OCT images of the
macula provide detailed information regarding the various
layers of the retina and allow quantitation of retinal thickness
and volume. Wider field OCT images possible using SS-
OCT allow peripheral pathology to be evaluated. Further
development of OCT technology has resulted in OCTA, a
rapid, noninvasive imaging method for visualizing retinal
and choroidal vascular flow in 3D. iOCT imaging now
guides surgical maneuvers and outcomes. Even functional
information of the retina now can be obtained using OCT
via ORG. Continued innovation in this field may herald new
scientific and clinical application of OCT technology that
may only be imagined at the current time.
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