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RESUMO

O répido desenvolvimento da tomografia de coeréncia 6ptica (OCT) resultou no surgimento de novos sistemas que variam
em desempenho e funcionalidade e recriam imagens volumétricas in vivo do segmento anterior e posterior com uma
velocidade excepcional. O escaneamento do tecido, a niveis histologicos, em milhdes de scans/s através de novos Swept
source OCTSs, coloca esta tecnologia em patamares inimaginaveis. No futuro préoximo, a combinagéo do OCT com Optica
adaptiva (AO) permitira a correcdo de aberragdes estaticas e dinamicas do olho, possibilitando analise celular retiniana. O
objetivo deste artigo ¢ introduzir os varios aspectos do desenvolvimento desta tecnologia dentro do contexto de suas
aplicagdes oftalmolégicas, bem como, o impacto de novos OCTs de analise funcional.

ABSTRACT

The rapid development of optical coherence tomography (OCT) and its ophthalmic applications has resulted in new
systems that vary in performance and functionality providing in vivo three-dimensional volumetric reconstructions of both
anterior and posterior segments of the human eye within unimaginable speed. Newer swept source OCT systems have
made it possible to achieve OCT acquisition speeds of several million A-scans/s. Another direction of OCT development
includes the introduction of adaptive optics to imaging of the posterior segment of the eye that allows correction of the
eye’s static and dynamic aberrations, resulting in the achievement of volumetric cellular resolution retinal imaging. The
purpose of this article is to present the various aspects of the development of OCT technology within the context of its
ophthalmic applications, as well as, the impact of functional OCT.

RESUMEN

El rapido desarrollo de la tomografia de coherencia dptica (oct) resultd en el surgimiento de nuevos sistemas que varian
en desempefio y funcionalidad y recrean imagenes volumétricas in vivo del segmento anterior y posterior con una
velocidad excepcional. El scanner del tejido, a niveles histologicos, en millones de scans/s a través de nuestros swept
source octs, pone esta tecnologia en niveles inimaginables. En un futuro préximo, la combinacion de la oct con optica
adaptativa (ao) permitira la correccion de aberraciones estaticas y dinamicas del ojo, lo que hara posible el andlisis celular
retiniano. El objetivo de este articulo es introducir aspectos multiples del desarrollo de esa tecnologia en el marco de sus
aplicaciones oftalmoldgicas, asi como describir el impacto de nuevas octs de analisis funcional.

How to cite: Romano, A.C.O. Future Perspectives of Optical Coherence Tomography.
e-Oftaimo.CBO: Rev. Dig. Oftalmol., Séo Paulo, 2015; 1(1) http://dx.doi.org/10.17545/e-oftalmo.cbo/2015.11

1 e-Oftalmo.CBO: Rev. Dig. Oftalmol., Sao Paulo, 2015; 1 (1)

Palavras-chave:

Tomografia de Coeréncia Optica
OCT

Angiografia OCT

Traduzir Optical Coherence
Tomography Angiography

OCTA

En face OCT

Diagnéstico por Imagem

Imaging of Retina, cornea, glaucoma

Keywords:

Tomography, Optical Coherence;
OCT

OCT angiography

Optical Coherence Tomography
Angiography, OCTA

En face OCT

Diagnostic Imaging

Imaging of Retina, cornea, glaucoma

Palabras clave:

Tomografia de Coherencia Optica
OCT

Angiografia

Diagnédstico por Imagem

Tomografia de coherencia 6ptica 'y
angiografia, OCTA

En face OCT

Diagndstico por Imagen

Imagen de la retina, cérnea, glaucoma

Fonte de financiamento: declaram n&o haver.
Parecer CEP: nao se aplica.

Conflito de interesses: declaram n&o haver.
Recebido em: 24/12/2014

Aprovado em: 30/01/2015

Creative Commons Atribuicao-NaoComercial 4.0 Internacional



http://creativecommons.org/licenses/by-nc/4.0/
http://www.e-oftalmo.cbo.com.br/
http://dx.doi.org/10.17545/e-oftalmo.cbo/2015.11
mailto:andre@romano.med.br
http://dx.doi.org/10.17545/e-oftalmo.cbo/2015.11

Future Perspectives of Optical Coherence Tomography

INTRODUCTION

Considering the enormous progress made in recent years, diagnostic imaging in ophthalmology has reached highly sophisticated
levels that is indicated by the variety of equipment available and the development of rapid and precise methods for disease diagnosis.
This requirement prompted the research of combinations of imaging techniques and has led to collaborations from research groups
worldwide in an attempt to meet these requirements.

In this context, optical coherence tomography (OCT), a high-resolution and non-invasive imaging technique that allows the cross-
sectional imaging of the retina, cornea, and optic nerve, has greatly contributed to this progress.t

The development of this technique over the last decade into one of the most important complementary examinations in ophthalmology
is undeniable. With an axial resolution of 5-7 . m, it provides in vivo details of the structures and layers of the retina and other ocular
tissues and functions as an optical biopsy method. For these reasons, it has been used in other medical fields, including dermatology,
cardiology, oncology, gynecology, and dentistry, among others. Besides the medical field, it has been applied in detecting art forgery by
analyzing different layers of paint.

The goal of this study was to assess the impact of OCT in ophthalmology and to explore the recent advances and future perspectives
of this technology.

METHODS
HISTORY OF OCT

OCT was developed as part of the doctoral dissertation of David Huang, a PhD student, within the combined program offered by the
Harvard University School of Medicine and the Massachusetts Institute of Technology (MIT). This technique was developed in the electrical
engineering laboratory led by Huang's adviser, Dr. James Fujimoto. They initially aimed to measure the axial length and corneal thickness
but discovered an unprecedented potential for the non-invasive analysis of the retina and other ocular tissues using very high-resolution
imaging.!

The experiment was conducted in collaboration with Dr. Joel Schuman, a Harvard ophthalmologist, who worked for countless hours
to acquire a single image. To improve imaging speed, Fujimoto recruited Eric Swanson, who at that the time worked with optical
communication at MIT's Lincoln Laboratory. The first clinical eye-scanning tests were performed by Dr. Carmen Puliafito’s group, who at
the time conducted research at the Massachusetts Eye and Ear Infirmary of Harvard Medical School.

BASIC PRINCIPLES

OCT provides high-resolution imaging based on light rather than sound or radio frequency. A light beam is directed at the target
tissue and a small fraction of the light that is reflected below the tissue surface is captured.

It is important to note that most of the light is not reflected but instead is scattered sideways. However, in OCT, optical coherence is
used to measure the length traveled by the captured photons. This allows the rejection of most of the photons that dispersed before
detection. Accordingly, OCT can acquire three-dimensional (3D) images of dense tissues and reject background signals during the
capture of the light that is directly reflected by these tissues.

The technique is based on the analysis and detection of interference signals produced between reference and reflected signals. The
system includes an interferometer (known as a Michelson interferometer) with a low-coherence, broad-bandwidth light source. Light is
split into the reference and sample ports and then recombined into the detector.

In an OCT system, the light is divided into two arms: the sample (which contains the area of interest) and reference arms (which is
usually a mirror).
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The combination of the light reflected from the sample and reference arms generates an interference pattern but only if the light from
both arms has traveled the same optical distance.

IMAGE FORMATION AND GENERATION

The principles of OCT are similar to those of B-mode ultrasounds and radar because the delay in travel time of reflected photons is
used to measure the thickness of the target structure. Unlike ultrasound, OCT can acquire images without coming into contact with the
target tissue. (Figure 02)
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Figure 2 - Comparison of OCT with other imaging techniques

The most reflective areas of the sample will create more intense interference. Light beams with delayed paths longer than the
coherence length will not interfere. The reflectivity profile is referred to as an A-scan and contains information regarding the dimensional
and axial position of the structures within the sample. A tomographic image of the cross-sectional section (B-Scan) can be acquired by
combining a series of axial scans (A-Scan).?

At a certain depth, en face image generation (C-Scan) allows for variations in the sample position relative to the test beam. In this
case, the reflected light is measured at a given depth, the reference mirror remains fixed, and light beams are swept across the sample
in successive scans at the x and y coordinates. Therefore, the scanning method employed is similar to that of confocal microscopy.

RESULTS
TYPES OF OCT
Time-Domain OCT (TD-OCT)

The first OCT developed used a time-domain (TD-OCT) system to obtain cross-sectional images of the retina and cornea. This method
was present in three generations of retinal OCT (OCT1, OCT3, and Stratus OCT) as well as in the Visante OCT (Carl Zeiss Meditec,
Dublin, CA, USA) for the evaluation of the ocular anterior segment.

Using this technique, low-coherence light is produced by a superluminescent diode source coupled to the interferometer. The
interferometer contains a beam splitter that separates the light beams into a reference and an imaging beam. The former is directed
toward a moving reference mirror, and the latter is directed toward the eye. Both beams are reflected back to the signal detector. The
interference pattern created by the two reflected beams generates information on the distance and thickness of the target structures,
such as cornea and retina.

The scanning rates in TD-OCT can reach 300 A-scans per second with an axial resolution of 8-10 pm. At this speed, 3D in vivo
images of ocular structures were rare because of physical and technical limitations of the method.

FOURIER-DOMAIN OCT

Two strategies can be used to detect and analyze optical signals using Fourier-domain OCT (FD-OCT): spectral OCT and swept-
source OCT. In spectral OCT, a spectrometer and a multichannel analyzer (inear charge-coupled device) are used. In swept-source OCT,
a laser source with an optical frequency that rapidly varies is used. (Figure 03)
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Spectral Domain OCT

Spectral domain OCT (SD-OCT) includes a fixed reference mirror with no mechanical interferences. The interference achieved with
the mirror is also fixed. The system uses the detector arm of the interferometer as a spectrometer. The Fourier analysis of the spectral
interferogram produces axial scans (A-Scan). Another feature of this system is the scanning of the light source spectrum (swept-source
OCT). The scanned images are simultaneously acquired by a camera. Owing to the rapid frame-transfer rate of the camera and to the
Fourier analysis algorithm, FD technology increases data acquisition 100-fold without compromising sensitivity. Another advantage was
maintaining the system’s sensitivity independent from axial resolution. These resources allow for the acquisition and reconstruction of 3D
in vivo ocular images with high axial resolution in a short time frame (seconds or fractions of a second). (Figure 03)
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In 2006, the first SD-OCT with axial resolution of 5-7 um was introduced in the market, followed by models from many other
companies. A major difference observed in this technology was the 100-fold decrease in the time required for tissue scanning, which
varies between 20,000 and 52,000 A-scans per second. This ability substantially decreases the number of image artifacts, which is one
of the major problems found in previous generations of the equipment, particularly in terms of image reliability and reproducibility. This
problem particularly occurred to patients for which the sample fixation was difficult.

Therefore, SD-OCTs initiated the possibility of digitalizing a large retinal area, via volumetric reconstruction, that can be visualized in
3D format with the aid of software. This improvement changed our ability to calculate areas and has allowed the analysis of regions
outside the fovea and even the measurement of areas and volumes.

With the incorporation of other technologies, such as color fundus photography, fluorescein angiography, indocyanine green
angiography, microperimetry, and autofluorescence, these instruments became known as multimodal imaging. (Figure 4)
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Figure 04 - Since the introduction of spectral domain OCT in 2006, many companies started to invest in this technology
and have combined it with other imaging techniques, resulting in what is now known as multimodal imaging.

SWEPT-SOURCE OCT

The advantages of swept-source OCT (200,000-400,000 Hz) compared with spectral OCT (25,000-70,000 KHz) include improved
speed and the ability to acquire images at a wavelength of 1050 nm, resulting in improved image quality in less transparent tissues and
consequently, improved visualization of structures, such as the choroid and the optic nerve.2

These novel technologies will have drastic impacts in medicine by reducing the requirement for invasive examinations and will promote
the reformulation of clinical concepts and therapeutic protocols, thereby ensuring more personalized medical treatments.

Some OCTs are commercially available, including DRI OCT-1 (Atlantis; Topcon) for imaging of the ocular posterior segment, and OCT
SS-1000 (Tomey GmbH, Erlangen, Germany) for imaging of the ocular anterior segment. The former has an acquisition speed of 100,000
A-scans per second that allows easier imaging of larger areas (12 x 8 mm) in addition to the 3D reconstruction of the entire posterior
segment.

These systems can reach speeds of up to 6,700,000 A-scans per second in recently reported research prototypes (Fourier-domain
mode-locked laser).42

For the first time, speeds of this magnitude may allow real-time 3D video rates for diverse applications, including intraoperative
guidance.

RECENT INNOVATIONS
TRACKING AND MOTION-CORRECTION TECHNOLOGY

Several factors, including involuntary eye movements or microsaccades (particularly in patients with fixation issues) may significantly
reduce image quality by introducing movement artifacts. The implication of these changes largely depends on the image plane being
examined.

One of the solutions incorporated into the current generation of OCTs is the introduction of active eye-tracking technology through
either hardware, such as the hardware incorporated in the Spectralis system (Heidelberg) or software, such as those present in Optovue
(Fremont, CA, USA) or Carl Zeiss (Dublin, CA, USA) equipment.

However, although the direction of the primary scan creates few movement artifacts, the secondary or slow direction (perpendicular
to the direction of the primary scan) results in frequent and significant distortions that prevent reliable analyses of 3D data (3D-OCT).

The possible approaches that can be used to solve this problem include the increase in image acquisition speed5 and its subsequent
processing.®

An intelligent alternative that does not depend on the use of high-speed OCT or on subsequent processing is the use of a new
algorithm known as motion correction technology (MCT).Z

This algorithm relies on the identification of artifacts in a 3D volume in the vertical and horizontal planes, and the two datasets are
then combined into a single algorithm. (Figure 05)
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Figure 05 - Motion correction technology is based on the identification of artifacts in 3D images with vertical and horizontal planes; the datasets are then combined into a
single algorithm. This technology has had a great impact in en face image analysis as well as in the reliability of blood flow measurements via OCT angiography.

This technology will have a profound effect on en face image analysis as well as on the reliability of blood flow measurements using OCT
and angiography.

ENHANCED DEPTH IMAGING and FULL DEPTH IMAGING

At present, two of the most frequently used imaging methods are enhanced depth imaging and deep choroidal imaging.2 This
technique allows an improved evaluation of the deeper layers of the retina, choroid, and the choroidal-scleral interface. In the SD-OCT
systems in use today, essentially two strategies can be used to achieve this result.

The first strategy requires the reduction in speckle noise, which can be achieved using several methods. The most traditional method
is image averaging, which involves the calculation of the median of multiple images from the same region and the reduction of the noise
level, which can substantially improve image quality.2

Another method involves the modification of the zero-delay line, which is the reference point used by the software to capture images.
In addition, this line is standardized at the vitreoretinal junction, resulting in an excellent resolution of the retina. However, protocols, in
which the zero-delay line is directed towards deeper layers of the retina, were recently added to the software, ensuring better resolution
of the choriocapillaris, Sattler’s layer, Haller's layer, and the choroidal-scleral interface.®

However, when this modification is combined with other parameters, the visualization from vitreous to sclera can be achieved using
a single image without having to make use of an SS-OCT system.

The parameters cited above combined with an increase in the area of axial penetration from 2.3 mm to 3.0 mm and an increase in
signal sensitivity would allow for an increase between 500 1 m and 800 p m, depending on the amount of pigmentation present and on

other factors, such as axial length (in cases of myopia). (Figure 06)

Full Depth Imaging (FDI)

Figure 06 - Full-depth imaging provides visualization from vitreous to sclera in a single image, without having to make use of an SS-OCT system.

The combination of these techniques results in the acquisition of a single image providing details from vitreous to choroid and is
known as full-depth imaging (Romano et al., in press)

EN FACE OCT

Different imaging protocols can be used to generate OCT images, and cross-sectional sections can be acquired using both axial
direction (depth) and transverse direction.?

Scanning using both transverse directions allows for en face images at a specific depth. En face imaging is a relatively novel technique
from a clinical point of view; however, its capabilities go beyond the traditional methods that are typically used in OCT .12
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The largest advantage of en face imaging is that ophthalmologists are familiar with the interpretation of cross-sectional images
because their orientations are similar to those produced in fundus photography.

This technique allows the acquisition of 3D images in different planes of motion and identifies the exact location of a diseased tissue.
Therefore, it allows a better visualization of the area of interest and the analysis of microstructural changes, and of a more extensive area
of the tissue being evaluated. The acquisition of images with this resolution is unfeasible using traditional scanning models.

In addition, this technique allows the identification of subclinical alterations, which may become early markers of disease

progression.191

OCT Angiography and Doppler OCT

OCT angiography (OCTA) is a novel, non-invasive technique that provides high-resolution angiography images of blood flow within
seconds.

To reconstruct the blood flow map, OCTA compares the differences between the intensity and the amplitude of the signal of different
B-scans in a specific period.

This technology requires higher scanning speeds that are higher than those currently available in most systems. The capture of each
set of 3D scans requires approximately 6 s.

En face images in the angiogram can be acquired from the internal limiting membrane to the choroid. Individual veins and arteries,
choriocapillaris, internal and external areas of the retina, and any other areas of interest can be visualized.

The acquired images vary between 2 x 2 mm and 12 x 12 mm, and the digitization quality decreases as the visual field increases.

A visual field area of 3 x 3 mm appears to generate better resolution images compared with areas that are currently used in ICG
angiography and fluorescein angiography. Matsunaga et al. suggest that this area size could provide a significant amount of detail 12

OCTA demonstrates blood flow at a specific point in time (Figure 7). Though leakages are not always visible, their area and volume
can be measured. These images are useful for the analysis of clinical cases, including choroidal neovascularization (CNV) (Figure 08)
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Figure 8 - Angiography via OCT is a novel, non-invasive technique that produces high-resolution images of blood flow within seconds. Using different algorithms, images A, B,
and C show neovascular ramifications in a patient with choroidal neovascularization secondary to DMRI. In the B-scan below, note the corresponding lesion between Bruch's
membrane and the retinal pigment epithelium (RPE), and the dilation of the vessels in Sattler's layer, Haller's layer, and the choroid-sclera interface.

It is particularly useful in the identification of type 1 CNV because of its location and the difficulty in achieving precise access using
ICG angiography and fluorescein angiography.

However, the analysis of blood flow may be limited in cases of dense hemorrhaging, in which the access to the retinal layers becomes
difficult.

An important advantage of OCTA lies in its ability to simultaneously perform morphological and functional analyses (blood flow). This
feature positions this technology on another level when it comes to the evaluation of diseases of the retina and optic nerve, considering
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that the most common causes of irreversible blindness are associated with abnormal circulation in the optic nerve and macula (glaucoma,
diabetic retinopathy, and macular degeneration). In these cases, retinal capillaries can be analyzed in detail and the vascular density of
the aforementioned diseased tissues can be evaluated (Figure 9).

GCC NDB Reference

Figure 9 - Figures 9A, 9B, and 9C show OCT angiography in a patient with glaucoma. Note the level of detail of the peripapillary capillaries (Fig. 9A and 9B). The
highlighted section of Fig. 9A shows the decreased outer vascular density. This area correlates with Hoyt's sign, as observed on en face OCT (Fig. 9D) and with the
decreased thickness of the nerve fiber layer (Fig. 9E) and lower section of the ganglion cell complex (Fig. 9F). Cross-sectional areas are shown in red.

The only OCTA system commercially available to date is the AngioVue software, which uses a specific algorithm known as split-
spectrum amplitude decorrelation angiography and is present in the Avanti system (Optovue, Inc., Fremont, CA, USA).

The equipment performs volumetric 304 x 304 A-scans at a speed of 70,000 A-scans per second for approximately 3 s.

The software produces angiograms in a variety of configurations (2 x 2 mm, 3 x 3 mm, 6 x 6 mm, and 8 x 8 mm) in addition to the
automatic segmentation of both the superficial and deep retinal vascular plexuses and the choriocapillaris.

FUTURE PERSPECTIVES

OCT provides images with unprecedented axial resolution. However, their transverse resolution is poor, and as a result, the
visualization of retinal cells is unfeasible to date.

The axial resolution in OCT depends on the coherence properties of the light source, which is currently approximately 5 ©m and
enough to achieve axial resolution in most retinal cells. However, transverse resolution is limited to approximately 15-20 um in
commercial systems.

Adaptive optics (AO) was developed to correct these optical aberrations and improve transverse resolution. AO systems measure
monochromatic aberrations that occur in the eye and correct them using wavefront sensors and deformable mirrors.

The resolution provided by AO systems allows the acquisition of very high-quality images, including details of photoreceptors, retinal
microcirculation, lamina cribrosa, and microstructures, within the nerve fiber and ganglion cell layers (Figure 10).

The first AO applications associated with OCT were recently reported®® and the first human cone images were acquired in 2005.14

An overview of AO-OCT can be found in a recent review.12

AO combined with OCT will drastically change the way ocular diseases are interpreted; however, the use of AO in routine clinical
practice is still limited to a small field of vision.
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Figure 9 - Reflectivity of cones visualized by adaptive optics (AO) (Fig. 10A) Similar to the specular microscopy technique, the Rix1 software (Imagine Eyes, France)
measures cell density, cone distance, and polymorphism (Fig. 10B). Distinct views of retinal capillaries (C), cystic macular edema (D), lamina cribrosa (E),
and hard exudates (F) can be obtained. courtesy of Imagine Eyes.

BIOMEDICAL IMAGING, NANOMEDICINE, AND OCT

The use of dyes in ophthalmology was first described in the 1960s as a method for the visualization of retinal and choroidal veins.©
Fluorescein quickly became one of the most important dyes for the identification and classification of a variety of vascular diseases.
Although retinal imaging technigues continue to evolve at a rapid pace, considerable shortcomings still exist. However, the combination
of technologies, such as OCT, with molecular biomarkers represents a novel strategy on the horizon. Using this approach, receptor-
specific exogenous contrast agents can be used to improve OCT capability and allow the visualization of specific cell types and
biochemical processes.

In recent years, the use of nanoparticles has been explored in greater detail.'2 Gold nanoparticles are used in CTs to identify tumors. 12
In ophthalmology, nanoparticles can be used in conjunction with OCT to monitor the survival of ganglion cells in patients with glaucoma
and to evaluate the physiology and changes in the retinal pigmented epithelium (RPE) in different retinal diseases. 2

BIOMICROSCOPY VIA OCT

The advent of SD-OCT has created a new perspective of combining OCTs of anterior and posterior segments into a single instrument.
It allows the individual analysis of the retina, choroid, optic never, cornea, and anterior chamber angle.

A novel OCT modality known as vertical cavity surface emitting lasers offers the opportunity to increase this ability by capturing the
image of the entire eye at once.2!

This equipment can capture images with an amplitude of 50 mm and recreate the entire eyeball in a single 3D image.

This ability may represent a novel strategy of ocular evaluation through the introduction of biomicroscopy via OCT and will allow
imaging with an unprecedented level of detail and the analysis of pathological features of the cornea, iris, lens (analysis of cataract
progression and lens thickness), inflammatory processes in the anterior layer and vitreous, diseases that affect the retina (macula and
peripheral retina), choroid, optic nerve, and sclera. This capability will open new horizons for the functional analysis of these structures.

CONCLUSION

Despite the many advances in OCT technology, functional imaging promises to take OCT to another level. Similar to what happened
with radiology in the twentieth century, diagnostic imaging in ophthalmology will likely develop into its own specialized field, in which
ophthalmologists will become imaging specialists. Novel techniques, including the analysis of blood flow via Doppler OCT and AO-OCT,
will change our understanding of disease mechanisms. Therefore, the emerging field of molecular imaging will provide a new perspective
into the dynamics of pathological processes in the retina, including inflammation, ischemia, and apoptosis and provide important data on
patient susceptibility to disease and disease progression. Furthermore, these techniques will help implement novel therapeutic strategies
in daily ophthalmology practice, particularly in the form of ocular biomicroscopy via OCT.
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