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Abstract

Optical coherence tomography (OCT) is a non-contact method for imaging the topological and
internal microstructure of samples in three dimensions. OCT can be configured as a conventional
microscope, as an ophthalmic scanner, or using endoscopes and small diameter catheters for
accessing internal biological organs. In this Primer, we describe the principles underpinning

the different instrument configurations that are tailored to distinct imaging applications and
explain the origin of signal, based on light scattering and propagation. Although OCT has

been used for imaging inanimate objects, we focus our discussion on biological and medical
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imaging. We examine the signal processing methods and algorithms that make OCT exquisitely
sensitive to reflections as weak as just a few photons and that reveal functional information

in addition to structure. Image processing, display and interpretation, which are all critical for
effective biomedical imaging, are discussed in the context of specific applications. Finally, we
consider image artifacts and limitations that commonly arise and reflect on future advances and
opportunities.

Key terms:

interferometry; Fourier-domain; spectral-domain; frequency-domain; resolution; detection
sensitivity; spectrometer; wavelength-swept laser; Polarimetry; Angiography; Elastography

Introduction

Optical coherence tomography (OCT), first demonstrated in 1991,[1] is an optical method
for cross-sectional imaging with a resolution approaching that of histopathology and a depth
of penetration of a few mm. OCT utilizes interferometry to measure light reflected from

a sample, permitting depth ranging, the discrimination of singly-scattered from diffuse,
multiply-scattered light, and providing a large, noise-free amplification through optical
heterodyning. Successive reflectance profiles are repeatedly acquired while the illuminating
beam is swept transversely across the sample, mapping out a two-dimensional area or
three-dimensional volume. The compiled data is then used to construct and display an
image. Although the limited depth of penetration precludes whole-body or transillumination
imaging of human organs, OCT is unrivaled in imaging the transparent tissues of the anterior
eye and retina and its compatibility with optical fiber delivery makes it uniquely suitable

for imaging internal organs through minimally invasive, narrow diameter catheters and
endoscopes.

The phenomenon of optical interference has been well known since the time of Robert
Hooke and Isaac Newton and interferometric methods have been exploited in research
since the pioneering work of Michelson earned the Nobel Prize in Physics in 1907.
Fundamentally, an interferometer enables the measurement of the electric field cross-
correlation between light reflected from a sample and a coherent reference. The cross-
correlation measurement can be performed by scanning the delay or path length of the
interferometer reference arm, by scanning the optical frequency of the light source, or by
analyzing the interferometer output as a function of wavenumber using a spectrometer.

In the 1980’s, these principles were used to measure the reflectance profiles of one-
dimensional waveguides with high resolution and extremely high sensitivity, essentially at
the level of single-photon detection. These 1D techniques were known as optical coherence
domain ranging[2] and optical frequency domain ranging[3]. Coherence domain ranging
was subsequently utilized to measure the length of the human eye, from cornea to retina.
[4] In the early 1990’s, MIT investigators had the insight that by performing multiple
reflectance range measurements while scanning the beam across a sample and by mapping
the resulting reflectance data to a color lookup table, a cross-sectional image could be
produced. This was first demonstrated for imaging the human eye.[1]
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As ophthalmic OCT work progressed, new approaches and capabilities were demonstrated,
including polarimetry for measuring tissue birefringence,[5,6] Doppler angiography to
visualize blood flow,[7] elastography to measure tissue biomechanical properties,[8] and
optimized light sources that provided over an order of magnitude improvement in resolution.
[9] The success of ophthalmic OCT was, in part, due to the high transparency of ocular
tissues, the ability to stabilize a subjects head through mechanical rests and the eye itself
using a guide fixation beam, and the direct access to the cornea by free-space optical
beams. The application of OCT to more highly scattering biological tissues required several
advances: longer wavelength light sources to reduce scattering,[10] higher speed to avoid
motion artifacts,[11] and fiberoptic catheters and associated rotational scanners.[12] By
1997, the first endoscopic and intravascular OCT was demonstrated in a living rabbit.[13]

Although it was well known that interferometric ranging could be performed using delay,
wavenumber or frequency as the cross-correlation coordinate, essentially all OCT work
prior to the turn of the millennium was performed using “time-domain” ranging and
scanning of the interferometer reference optical delay. In this instance, the system includes
a broadband light source and a photodiode detector to register fringes as a function of time
or delay. Because this approach detects light reflected from one depth in the sample at

any one time, the detection sensitivity diminishes with increasing scan rate and imaging
speeds above a few images per second were unrealistic. It was therefore a significant
advance when, in 2003, theoretical analyses clearly demonstrated that frequency-domain
and spectral-domain interferometry provided detection sensitivity gains greater than 20

dB and therefore high speed imaging was made possible.[14-16] Both spectral-domain
and frequency-domain approaches require Fourier transformation in order to compute the
sample reflectance profile or axial-scan and are jointly termed “Fourier-domain” OCT. A
simple way to see the origin of the sensitivity advantage of Fourier-domain techniques is to
contrast the fact that time-domain detection registers signal from a single depth point per
time, essentially throwing away the light that is simultaneously returned from other depths.
Fourier methods, by comparison, collect reflected light from all depth points in parallel. In
the literature, frequency-domain OCT is referred to as “swept-source OCT” and “optical
frequency domain imaging”; we will use the acronym fd-OCT in the remainder of this
manuscript. We will use the acronym sd-OCT to refer to spectral-domain OCT. High speed
frequency-domain and spectral-domain systems were demonstrated shortly after the 2003
theoretical analysis, yielding image rates of hundreds of images per second while preserving
the resolution and overall quality of previous time-domain technology.[17-19]

With the development of essential component technologies, fd-OCT technology became a
better fit to the requirements of endoscopic applications and imaging in highly scattering
tissues; sd-OCT more naturally met the needs in ophthalmology and retinal imaging in
particular. Although the underlying factors have shifted somewnhat in later years, sd-OCT
remains most prevalent in ophthalmic imaging and fd-OCT more common in endoscopic
applications. Other specific attributes of the Fourier-domain approaches determine which is
optimal for angiographic, polarimetric and elastographic imaging.

In ophthalmology, OCT has become a standard of care for retinal imaging since 2003[20]
and it is routinely used to guide refractive and cataract surgeries. In cardiology, intravascular
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OCT is internationally available for guiding coronary stenting and is routinely used

in research related to coronary artery disease and acute myocardial infarction.[21] In
gastroenterology, endoscopic OCT provides the ability to comprehensively interrogate the
esophagus for neoplastic change and intramucosal cancer.[22] Although endobronchial OCT
is not yet commercially available, research studies have shown its ability to diagnose and
monitor pulmonary disease.[23] In preclinical research, OCT is routinely used to image
small animal tumor models to investigate features such as angiogenesis and the response to
novel anti-angiogenic therapies.[24]

The field of OCT continues to evolve, expanding into new applications, and capitalizing

on new instrument capabilities. In this Primer, we present the principles that underpin
reflectance, polarimetric, angiographic, and elastographic imaging with OCT and describe
special requirements in the most common biomedical imaging applications. In addition, we
provide a discussion of the instrumentation, methods and applications of circular ranging
OCT. Although nascent, this technology opens many new opportunities for OCT that require
very high speed or arbitrary stand-off distance between the objective and sample or in cases
where the sample topology is non-uniform. Prior to circular ranging, such applications were
infeasible. Defining a topical focus necessarily results in the exclusion of other potentially
interesting topics. We do not address OCT imaging of non-biological samples, extensions
to high numerical aperture[25] and en face imaging,[26] and less-developed biomedical
application fields (e.g., dental, urology, gynecology, voice/speech, orthopedics). Recently,
there has been an interest in combining other imaging modalities with OCT. Such ‘multi-
modality’ approaches[27,28] address deficiencies in individual technologies, but have been
additive combinations and are not covered herein.

Experimentation

In this section, we introduce the core components of OCT systems and the primary signal
and image processing methods prior to addressing specialized variations of the technology.

Experimental Configuration

Basic Setup—Regardless of the specific variety, the fundamental subsystems for all OCT
instruments include a light source, an interferometer comprising reference and sample
paths, a beam scanning mechanism to control the illumination of a sample, and an optical
receiver coupled with signal and image processing (Fig. 1). In simplest form, an OCT
system repeatedly measures the reflectance profile of a sample along the optical axis as

the illuminating beam is transversely swept across the sample. Signal processing is used

to compute reflectance and ranging data that is subsequently processed to produce cross-
sectional or volumetric images. An important design objective, regardless of the type of
OCT systems, is to ensure that shot noise, the unavoidable signal characteristic arising from
the particle nature of light, will be the dominant noise term. Achieving this specification

is vital, since it will permit the greatest depth of imaging penetration, the highest speed,
and the greatest volume of sample imaging. Each of the sections below provide general
considerations, specific to each major OCT subsystem.
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Light Source: Many different types of light sources have been used for OCT, but the

most common are either superluminescent or laser. The most relevant general characteristics
include the wavelength, spectral shape and extent, spatial coherence, power, and noise.
Typically, the wavelength of OCT light sources is chosen for a particular application to
balance contributions to attenuation from scattering and absorption. However, practical
constraints have also been influential since achieving high performance with regard to other
specifications is not possible at arbitrary wavelengths. Since resolution along the optical

axis within the sample is proportional to the spectral width of the source, significant effort
has been directed to the development of broadband light sources. The axial point-spread-
function of OCT is fundamentally determined by the Fourier transform of the spectral
distribution of the source, a well-behaved, and preferentially Gaussian spectral distribution is
ideal. In addition to these temporal coherence attributes, the light source must additionally
have a high spatial coherence in order to ensure optimal signal collection efficiency and
compatibility with convenient single-mode optical fiber. In addition to the temporal and
spatial coherence requirements, the light source must also have sufficient power, typically on
the order of tens of milliwatts, and low relative intensity noise.

I nter ferometer: Most commonly, Michelson and Mach-Zehnder interferometer topologies
are used in OCT.[29,30] Importantly, the interferometer must have a spectral bandwidth
sufficient to support the full extent of the light source spectrum, a reference arm having an
adjustable and stable delay, a dispersion that ideally matches that of the sample arm and a
low polarization mode dispersion. Because of the inherent stability of optical fiber, nearly all
OCT systems utilize interferometers that are implemented using single mode optical fiber,
beam splitters, circulators, polarizers, and polarization controllers. Largely owing to demand
by the telecommunications sector, these components are available with exceptional optical
performance and low price.

Beam Scanning: The OCT instrument must also provide for light delivery to/from the
sample. Inherent in this function is spatial focusing at the sample, which provides for
transverse resolution, and transverse beam scanning, which underpins the acquisition of two-
and three-dimensional images. Although novel strategies have been deployed to control the
light distribution at the sample, each has inherent trade-offs between transverse resolution
and depth of field, which determines the cross-sectional image size in OCT. For common
systems, Gaussian focal distributions are applied, resulting in a quadratic dependence of the
depth of field on the transverse resolution. Subsequent sections of this Primer will detail

the configuration of patient interfaces and associated beam scanners for different clinical
imaging roles.

Optical Receiver: The design of the receiver in an OCT system depends upon the
specific variety, with units for spectral domain and frequency domain systems having
dramatically different approaches. While in fd-OCT, the receiver relies on a single photo-
diode per polarization state, sd-OCT requires a spectrometer and a one-dimensional

array of detector elements. However, common considerations are determined in order to
achieve high sensitivity, low-noise conversion of the optical interferometric signal into an
electronic signal. Importantly, the use of interferometry inherently embodies heterodyning
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or homodyning in which the signal is the cross-correlation of the electric fields returned
from the reference and sample paths. This provides noise-free gain equal in magnitude to the
strength of the reference electric field, typically on the order of one million. Therefore, OCT
receivers do not require high gain preamplifiers as are required in confocal or fluorescence
imaging. Since OCT is fundamentally an interferometric technique, receivers may be prone
to polarization fading, a phenomenon arising from a mismatch between the polarization
states returning from the sample and reference paths. Although the polarization state of

the reference can, in principle, be controlled to match the average state of light returning
from the sample, many samples are birefringent and some systems comprise sample paths
in which the polarization state varies rapidly in time. A simple solution to polarization
fading is the use of polarization-diverse detection[5] wherein the receiver splits the light
returning from the reference arm into two orthogonal polarization eigenstates and measures
the interferogram of sample reflectance simultaneously in both states. By subsequently
computing the sum of squared amplitudes of these signals, which vary as cosine and sine
functions individually, a polarization-independent signal is determined.

Signal and image processing: Common to all OCT systems, the signal that is detected
encodes spatial ranging information in an interferogram. Decoding the signal may be
conveniently performed using a common sequence of signal processing steps, including
Fourier transformation (Fig. 2). However, the Fourier relationship that underpins this signal
processing relies on the conjugate relationship of wavenumber and distance and many
systems do not sample the interferogram rigorously in constant intervals of wavenumber. An
initial processing step must therefore be used to interpolate from the inherent sampling of
the system into wavenumber space. Another common processing step is used to compensate
for any mismatch in the dispersion of the reference and sample arms. This is typically
accomplished based on a calibration that is performed during the construction of the system
and, barring any major reconfigurations, remains fixed.

Although the objective of all OCT systems is to render an accurate geometric representation
of the physical structure of samples, interferometry fundamentally measures optical path
delay, which is physical distance multiplied by index of refraction. A final signal processing
step must therefore include an assumption or measurement of the index of refraction of the
specific sample that is imaged. This measurement must include any portions of the sample
that are in the beam path regardless of whether or not they are imaged.

Constructing two- and three-dimensional images in OCT is performed using algorithms that
are commonly used in medical image formation and display. Image quality is dependent on
the resolution, depth range, sensitivity and dynamic range of the instrument (Box 1).

Safety: The primary safety consideration in biomedical OCT is the possibility of
photothermal damage, which depends upon the power density of light at the sample.

The American National Standards Institute (ANSI) has determined maximum permissible
exposure limits for visible and infrared light in the eye and skin and academic research has
investigated photothermal damage in some other tissues. ANSI has also published methods
for calculating exposure depending upon spot size, scanning dwell time, as well as specific
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characteristics of the light source. Owing to the very high detection sensitivity in OCT, high
quality imaging is possible while remaining comfortably below exposure limits.

While ophthalmic OCT is a non-invasive procedure, imaging in the cardiovascular system,
gastrointestinal tract, airways, and other internal organs is inherently invasive despite access
through existing orifices and channels of the body. The overall evaluation of safety must
therefore take into account risk of mechanically-induced trauma or infection from the
intervention. Since OCT catheters and endoscopes may be fabricated using flexible, narrow
diameter optical fiber, it has become routine to make biocompatible, disposable probes for
human internal organ imaging.

OCT systems do not use ionizing radiation and permit electrical isolation from the patient,
so these safety concerns are not relevant.

Spectral Domain OCT

In sd-OCT, the electric field cross-correlation is measured as a function of wavenumber.
This is enabled using a light source having a broad, fixed spectrum, an interferometer

with static path lengths, and an optical receiver including a spectrometer and an array
detector.[31,32] This configuration permits a readout of the interference fringe pattern that
is superimposed on the spectrum. To decode the interferogram and obtain a one-dimensional
reflectance profile of the sample, a Fourier transform must be computed. Although the
spectrometer and detector array in sd-OCT can provide shot-noise limited sensitivity,
common detector arrays limit dynamic range. It turns out, however, that in the case of

the eye, this parameter is not as demanding as in the case of imaging other organs due

to the occurrence of small refractive index changes in the eye tissues. Only the central
reflection from the cornea is problematic, which until now is simply neglected. There

is also a relatively easy way to increase the dynamic range values by taking multiple
measurements and averaging the data in postprocessing. Such an operation is only possible
with a guaranteed high sensitivity of the method and is commonly used in commercial
devices e.g. for imaging vitreous humor.

Since sd-OCT depends upon high performance detector arrays or line-scan cameras

most instrument development has leveraged from mature silicon camera technology. As

the spectral response of silicon is in the visible, extending to perhaps 1 um, sd-OCT

have characteristically operated in this wavelength range and therefore they have been

most relevant to ophthalmic imaging where tissue scattering is very low. Additionally,
spectroscopic detection relies on multiple detector elements that each integrate a weak signal
at one corresponding wavelength. sd-OCT systems must therefore avoid sample motion
during the integration to limit signal degradation. Specific artifacts arising from axial and
transverse sample motion, which are specific to sd-OCT, have been analyzed in detail.[33]

Detection sensitivity roll off away from the depth in the sample that is matched to the length
of the reference arm, is primarily governed by the finite resolution of the spectrometer and is
given by:
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sin

R(z) = (Tg)z - exp

2
w= 2
32’ l

where € = (1t/2)*(z/zrp) denotes the depth relative to the maximum ranging depth, zgrp =
A2/(49)),[34] g\ is the wavelength spacing per pixel, and w= 8X/g\, where A is the
spectrometer resolution.[35] Typical values may be in the range of —6 dB roll off over 2 mm.
The scanning speed in sd-OCT is simply determined by the readout rate of the line-scan
camera with A-line rates of 100 kHz not uncommon.

Frequency Domain OCT

In fd-OCT, the signal is detected using a single-element photodiode and the interferometric
fringe signal is encoded in frequency. This is enabled using a wavelength swept light source
having a narrow instantaneous line width and a broad sweep range. As in sd-OCT, the
interferometer in fd-OCT has static path lengths.[17] To decode the interferogram and obtain
a one-dimensional reflectance profile of the sample, a Fourier transform must be computed.
Frequency-domain OCT provides the same SNR advantage as sd-OCT.[14-16] The most
striking advantage over sd-OCT is the ability to reach much larger ranging depths. This can
be understood by examining the range of interferometer path length difference over which
interference can be observed. In fd-OCT, this range is determined by the instantaneous
linewidth of the light source.[17] It is straightforward to make wavelength swept lasers
having line widths that support ranging depths of > 20 mm. Although this is an advantage
over the range achievable in sd-OCT, its significance is application dependent.

The depth resolution in fd-OCT is determined by the range over which the light source
sweeps. In practice, this spectral range is constrained by the physics of the laser gain
medium and by phenomenon such as polarization mode dispersion, but sweep ranges on
the order of one-tenth of the average wavelength are readily achieved. Typically, depth
resolution in fd-OCT can easily be less than 10 um but it is challenging to achieve a
resolution below ~5 um.

Significant advances in wavelength swept laser development have achieved sweep repetition
rates from hundreds of kilohertz up to tens of megahertz,[36] resulting in data acquisition
requirements of up to tens of giga-samples per second. A hurdle to achieve shot noise
limited detection in fd-OCT is the narrow instantaneous line width of the source, which
leads to a large relative intensity noise (RIN). However, the narrow instantaneous line
width is needed for the large ranging depth. Balanced detection to suppress the common
mode source noise (i.e., RIN) by 20-30 dB is required to reduce RIN to acceptable
levels.[17] Commercial wavelength swept lasers typically do not provide linear or constant
speed scanning. In order to facilitate data processing, especially the Fourier transform
from wavenumber to depth, the raw frequency-encoded signal needs to be interpolated to
points that are equally sampled in wavenumber. This can be accomplished by numerical
interpolation in post processing, or directly by driving the digitization using a clock whose
frequency is swept in synchrony with the laser sweep. This latter approach is known as
k-clocking and is enabled using the output of a Mach-Zehnder interferometer with a path
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length difference of 4 times the maximum ranging depth.[37] The non-linear laser sweep
velocity also requires optical and electronic paths to the data acquisition board to be of
equal length in time. Dispersion imbalance in the interferometer can also be compensated
numerically, as in sd-OCT.

Circular Ranging

When spectral-domain or frequency-domain OCT are used to interrogate a large spatial
volume, a correspondingly large dataset is generated.[38-40] When coupled with the typical
need for fast acquisition to avoid motion artifacts,[41,42] this result in an unrealistic need for
data bandwidth and the electronics (e.g., optoelectronic receivers, digitizers, digital transfer
busses, and processing engines) are commonly a bottleneck.

Circular-ranging (CR) architectures provide a means to interrogate large volumes with fewer
measurements, allowing higher imaging speeds for a given electronic detection system.
[41,43,44] This is achieved via signal compression in the optical domain. Rather than
independently interrogating each voxel within a large three-dimensional volume (where one
dimension is indexed by optical delay), CR pools the signals from multiple physical delays
so that their sum can be captured by a single measurement. This pooling is performed
according to a specific structure; equispaced delays are combined and the spacing between
the delays is large enough to accommodate the typical depth of an OCT signal (1-2 mm).
The resulting image is a circularly-wrapped representation of the sample that dedicates
minimal if any data bandwidth to the empty space above and below the detectable signals
(Figure 3a—c).

Optical frequency comb sources provide the physical basis for CR. Frequency combs have
unique spectral and temporal properties that are leveraged in a broad set of scientific and
metrology applications.[45,46] They are used in CR because they possess an inherent delay
degeneracy; a frequency comb with a spectral comb line spacing of Fis fundamentally
unable to discriminate between optical delays spaced by 1/F When used as a ranging
source, an equispaced delay pooling is achieved (Figure 3d,e).

Existing CR systems have relied on novel frequency comb laser sources that are constructed
to generate each combline sequentially, resulting in a sequence of pulses with each

pulse having a specific optical frequency. The earliest sources were based on existing
continuously wavelength swept source architectures such as polygon-mirrors or tunable
Fabry-Perot filters.[41] Fixed intracavity Fabry-Perot etalons were added to force combline
outputs. These sources are simple to build, but they also retain the same speed and

stability challenges of the platforms on which they are based.[43] Much faster CR sources
have been enabled by a new laser architecture, stretched-pulse mode-locking (SPML).
[47-49] These sources are based on electro-optic modulation with intracavity dispersive
stretching and compression. They can operate at speeds exceeding 10 MHz. Through the
use of continuously chirped fiber Bragg gratings (FBGS) as the positive and negative
dispersive elements, they can also be made to be relatively compact and highly stable.

More recently, wavelength-stepped frequency comb sources based on a phase-code mode-
locked architecture have been demonstrated.[50] PCML uses electro-optic phase modulation
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and intracavity dispersion and has the advantage of providing output pulses that can be
synchronized precisely to a master electronic clock.

Detection systems for CR are similar in design to those of fd-OCT, but of course they
can operate at lower RF bandwidths than would be required for an analogous frequency-
domain system. Of specific note is that complex fringe signals are required in CR,
whereas it is sometimes used in frequency-domain but not required. Multiple approaches
for complex fringe generation including polarization-based methods,[48] acousto-optic
frequency shifters,[43] and lithium niobite phase modulators[44] have been used in CR.

Functional Imaging

Polarimetry—Polarization sensitive (PS) OCT employs two parallel, polarization-diverse
detection channels.[5,51,52] The sample signal is split into two orthogonal polarization
states, which independently interfere with identically orthogonally polarized reference
signals in each channel. This can be accomplished using two cameras in sd-OCT
systems[53] or using dual-balanced polarization-diverse detection in fd-OCT.[54] The
relative phase difference and amplitude ratio between the two detection channels encodes
the polarization state of the sample light, according to Jones formalism. Hence, PS-OCT
measures the polarization state of backscattered light as a function of its path length traveled
into the tissue. Many tissues, especially those with fibrillar architecture, are optically
anisotropic and exhibit birefringence, causing a differential delay, or retardance, between
light polarized parallel and orthogonal to the fibrillar tissue components. The path length-
dependence of the detected polarization states enables tomographic reconstruction of tissue
polarization properties, notably birefringence, that relate to the organization, orientation, and
composition of tissue components. PS-OCT can furnish contrast between tissues that are
indiscernible in conventional OCT tomograms and provides insight into the make-up and
physical orientation of the tissue microstructure beyond the spatial resolution of OCT.

In order to unambiguously describe the polarization effect of round-trip transmission to a
given sample depth, at least two distinct input polarization states are required. Algebraically,
the Jones vectors measured in response to these input states enable recovery of the
underlying Jones matrix.[55] This can be achieved either through sequential modulation

of the source polarization state,[56] or by depth-multiplexing.[57,58] This measurement
strategy enables the use of single-mode fiber- and catheter-based imaging systems, where
the polarization state effectively incident onto the sample depends on the exact fiber
configuration and is a priori unknown.

Alternatively, if the sample is assumed to be purely retarding, and considering that round-
trip measurements constrain this retardation to be linear,[59] it is possible to employ a single
circular input polarization state.[5,60] This requires careful control of the polarization state
with fiber-based systems[61] or the use of polarization-maintaining fibers.[62,63] However,
the achievable polarization sensitivity depends on the alignment of the polarization state
with the tissue’s optic axis, which can lead to the masking of sample birefringence in
samples with a depth-dependent optic axis. Wavelength-dependent variation of the input
polarization state can help mitigate this shortcoming.[64]
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Angiography—BIlood flow is tightly linked to tissue nutrition, metabolism and as such to
tissue health. Hence, the assessment of blood flow dynamics as well as the integrity of the
vascular pathways are most important biomarkers in healthcare. Early on, researchers used
the high sensitivity of OCT to detect small structural changes during a defined time interval
for quantifying blood flow, termed Doppler OCT.[65,66] The blood flow signatures naturally
outline the vascular tree, covering a large range of vessel types and sizes. Already a simply
differential analysis of successively recorded tissue intensity images captures changes due
to moving blood constituents. Such motion contrast forms the basis of OCT angiography
(OCTA).[24,65,67,68] The advent of fast spectral and swept source OCT systems boosted
the performance and quality of OCTA in terms of field-of-view, resolution, and suppression
of motion artifacts and noise.[69,70] Since OCTA needs several images to extract the blood
flow induced signatures from the bulk tissue, the recording is more time consuming than

for standard OCT. Hence, involuntary motion adds to the motion contrast and needs to be
properly suppressed, either by tracking systems, or by dedicated post-processing algorithms,
or both. In general, the larger the time interval AT between recorded images to be analyzed,
the higher the sensitivity of OCTA to slight blood flow changes, translating to higher
contrast for smallest capillaries. This time dependence can be used to quantify blood flow
based on the amount of signal decorrelation by analyzing images recorded at different
interval times or by other advanced post-processing approaches.[71-73] Signal decorrelation
is most easily assessed on the intensity or speckle level variance.[74,75] However, OCT
exhibits also signal phase information which much faster decorrelates, in part, due to its
cyclic nature.[76,77] On the other hand, phase-based OCTA is most sensitive to bulk motion
and noise, such as trigger jitter. Best OCTA performance so far seems to be obtained by
recurring to both domains and using the full complex OCT signal for decorrelation or
motion analysis.[78-80]

Elastography—Elastography is the characterisation of the mechanical properties of
human tissues, now in widespread clinical use based on ultrasonography and magnetic
resonance imaging.[81] Optical imaging elastography has yet to progress to routine clinical
application,[82] but important steps over the last five years have been made based on
optical coherence tomography (OCT). OCT elastography, or optical coherence elastography
(OCE), as it has come to be commonly known, was first advanced in 1998, and its progress
has been comprehensively described.[83,84] Compared to elastography in current medical
imaging, OCT has an advantage in superior resolution and a disadvantage in penetration.

Its resolution often does not reach cellular scale, although near-cellular resolution has been
demonstrated. Thus, OCE is often referred to as a “meso-scale” technique occupying the
resolution range probing groups of cells — sitting between single cells and whole tissues.[82]

Elastography requires a stimulus and images the resulting changes. There exists a rich set of
choices in methods based on stimulus parameters — the length scale relative to the imaging
volume and time scale probed, whether harmonic or impulsive, and its source — intrinsic or
extrinsic; contact or non-contact — OCE continues to mine this rich vein of novelty.[85,86]
The most prominent methods today are based on quasi-static compression and shear/surface
wave generation.
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In compressive OCE, a compressor operates between scans (usually B-scans) to capture
images before and after compression. These images are compared to determine local axial
strain from the slope of the displacement versus depth curve. Because OCT is capable of
phase-sensitive detection (fractions of an interference fringe),[87] then high-dynamic range
measurements are possible. Maximum displacements are set by speckle size or elastic limits
of deformation to circa 10 um and minimum resolvable displacements by phase noise from
various sources to fractions of a nanometer.[87] Conversion of strain (a relative measure) to
elastic (tangent) modulus (an absolute measure) has been demonstrated through addition of a
compliant overlay used to sense stress.[88] Image acquisition rates to date have been limited
by the volume scan rate of the OCT system and the need to oversample — 2 B-scans per
location is a useful rule of thumb.

Shear and surface (Rayleigh) traveling waves can be generated by contact and non-contact
means. Measurement of the shear (S-) wave velocity, ¢, typically in the 1-5 m/s range,
can be used to estimate Young’s modulus £ from E = 2p(1 + v)cZ, where p is the density

of the medium, and vis Poisson’s ratio. This simple relationship rarely holds in practice,
not accounting for viscosity (most tissues are viscoelastic), nor for layer guidance (Lamb,
Rayleigh-Lamb waves) and boundary effects. Shear wave velocity is most commonly
determined from measurement of the transit time versus distance, presenting measurement
challenges. Consider that the transit time for a 5 m/s wave to travel 3 mm across a 3

x 3-mm sample is 0.6 ms. To image the propagation with 100-um transverse resolution,
requires 30 orthogonal frames across the imaged region, requiring an OCT B-scan frame
rate of 50 kHz. To maintain the same lateral resolution in the B-mode image (100 pm), an
exceptional A-scan rate of 1.5 MHz is required, which, though demanding, can be achieved.
[37] Recently, such “B-M mode” imaging has been joined by multi-excitation “M-B mode”
imaging, requiring a lower A-scan rate, which appears promising.[86] Whether compression
or shear wave imaging, accurate mechanical parameters require modeling to account for
multiple effects, and this work is still in its early phases.[89,90]

Image Reconstruction and Interpretation

Following the interpolation, dispersion compensation, and Fourier transformation described
above, the resulting ensemble of axial reflectance profiles or A-lines are assembled to form
an image (Figure 4) in which the two dimensional geometry is dictated by the specific
scanning mechanism of the system (eg rectangular, circular, etc). Since the dynamic range
of OCT is typically on the order of 50 dB, it is common to compute the logarithm of the
signal and map this to a false color or grayscale lookup table for display. Three-dimensional
OCT datasets are typically processed using widely available image processing software or
routines that are available in packages such as MATLAB.

When novel imaging modalities are first applied for imaging specific biological tissues,
suitable criteria for image interpretation must be identified and validated. In general, this
process may involve the use of fabricated phantoms that mimic tissue but that have known
structure, the use of cadaver tissue or surgical specimens, the use of animal models, or

Nat Rev Methods Primers. Author manuscript; available in PMC 2023 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bouma et al.

Page 13

imaging /n vivo with a comparison to an established medical imaging technology. When
imaging biological tissues ex vivo, great care must be taken to avoid altering the optical
properties of scattering and absorption, which may arise from dehydration or contamination.
For example, when cadaver esophageal specimens are used, care must be taken to avoid
gastric reflux that may arise at the time of death or after. Dehydration may be avoided

by storing the samples on gauze that is saturated with isotonic saline. The temperature

of samples must also be considered. While it is important to refrigerate samples to

mitigate decomposition, it may be important in some specimens that they are returned to
physiological temperature for imaging. This may be the case, for example, when imaging
samples that contain lipids.

The use of animal models may be appropriate to determine and validate image interpretation
criteria. Although the organ sizes of small animals are distinct from corresponding human
organs, on the cellular level there may be sufficient similarities for imaging studies.
Alternatively, large animal models may be required for imaging organs such as the arteries
or airways. In either case, validation studies are typically conducted by imaging and
subsequently harvesting tissues and performing histopathology while preserving spatial
co-registration. For some clinical applications, it may be possible to conduct human clinical
studies wherein imaging is performed followed by biopsy and histopathology. In some
organs, however, such as the eye or the coronary arteries, biopsy is not possible. In these
instances, validation of image interpretation criteria may be performed by comparing the
novel image data with conventional medical imaging. In the case of OCT, it has been
common to compare images with those from ultrasound since the spatial resolution is

not too dissimilar. These comparisons may be quite challenging, however, as the image
orientation and the physical origin of signal may be entirely distinct for the two modalities.

Spectral Domain and Frequency Domain OCT

Both Fourier domain techniques collect volumetric, or 3D, data by scanning successive
dimensions in a sequential manner. First, information about the amplitude of scattered light
as a function of depth (optical A-scan) is collected. Ensembles of A-scans recorded for
different locations form a single cross-section and are called optical B-scans.[91] The set of
B-scans, in turn, represents a volume. As with other tomographic techniques, there are many
ways to visualize 3-D data in OCT. The most intuitive is to create projections in an arbitrary
plane. Resolution in OCT, however, is not isotropic; the depth or axial resolution is typically
5 times higher than the transverse resolution.[92,93] Therefore, the preferred form of data
visualization is a two-dimensional projection along the direction of light propagation and in
one of the transverse directions.

In ophthalmic imaging, transverse scanning is performed using galvanometer-mounted
mirrors to sample either the anterior eye or retina in cartesian coordinates (x-zor y-2).
Circular scans (¢-2) are also frequently used to investigate retinal structure surrounding
the fovea or optic nerve head or to assess retinal perfusion.[94,95] When using these

scan patterns, the image is displayed in the acquired coordinates and no transformation is
required.[96] In the analysis of the fundus or anterior chamber, a number of morphometric
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analyses have been proposed such as tissue layer thickness analyses, optic nerve disc
architecture or corneal topography and pachymetry [97-103].

Circular cross-sectional scans in catheter-based OCT are produced by rotating the optical
core of the catheter within the static sheath and acquiring data in circular coordinates (7, ¢)
and then transforming to cartesian coordinates for display. Three-dimensional data sets are
registered by additionally performing “pull-back” scanning, withdrawing the core inside the
sheath and acquiring a helical scan. The resulting data volumes may be visualized in 3D or
manipulated to display arbitrary cross-sectional perspectives.[104] Quantitative analyses are
performed using manually- or automated-segmentation.[105,106]

Circular Ranging

The display of CR datasets is a rapidly evolving topic. Presently, CR is being explored

for surgical guidance where the real-time display of interpretable imagery is essential.

The generation of compressed (i.e, circularly wrapped) three-dimensional datasets provide
the input to a second stage of processing that either generates two-dimensional en face
projections (Figure 3 x-y) or depth cross-sections (Figure 3 x-z) highlighting critical
features, or that extracts features to annotate a second imaging modality, typically
white-light camera images. Because CR is relatively new, existing work has utilized

the former (projection to en face images), which can be implemented with relatively
simpler algorithms. For both, functional approaches in OCT supporting clear, high-fidelity
differentiation of tissue structures are critical. Polarization-based approaches are highly
promising, and early applications have focused on the use of CR to identify tissues such as
peripheral nerves with strong polarization signatures.[48]

Functional Imaging

Polarimetry—The cumulative round-trip measurements of PS-OCT are insensitive to
polarization effects with circular eigenstates, preventing measurements of optical activity
or circular dichroism.[59,107] A thin tissue section can be accurately modeled as the
sequence of a linear retarder and linear diattenuator with identical eigenstates[108] (i.e.,

a homogeneous Jones matrix[109]). Using a single circular input polarization state provides
measurements of cumulative retardance and optic axis orientation.[5] Fiber-based systems
using two input states reconstruct cumulative retardance by referencing the depth-resolved
polarization states to the tissue surface.[110] Cumulative measurements may be convenient
for weakly scattering and retarding layers, such as the retina, but are difficult to interpret

in tissues with multiple layers and distinct optic axis orientations. Recovering the local,
depth-resolved scalar tissue birefringence requires matrix differentiation along depth,

and can be achieved using Jones matrices,[55] geometric reasoning with Stokes vectors,
[111] or Mueller matrix formalism.[112] To also recover the depth-resolved optic axis
orientation, which relates to the eigenstates, and not just the eigenvalues of a given

tissue layer, requires compensation for the transmission through the preceding tissue layers.
[59,108,113] Many fiber-based systems furthermore suffer from a wavelength-dependence
of the polarization states transmitted through fiber components. The differential delays
caused by this polarization mode dispersion readily exceed those of the more subtle

tissue effects,[114,115] and require specific processing strategies to enable meaningful
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measurements.[111,116] While PS-OCT only detects fully polarized, coherent states of
light, incoherent spatial averaging of reconstructed Stokes vectors amounts to synthesizing

a reduced degree of spatial coherence, and, hence, encompasses depolarization effects.[117]
Depolarization quantifies the randomness of the detected polarization states within the
spatial averaging window. It can serve to detect multiple scattering,[118] is pronounced in
the retinal pigment epithelium[119] or in lipid-rich atherosclerotic plaques,[120] and can
serve to detect exogenous contrast agents.[121] Examples of each of the above-mentioned
polarimetric analyses applied to human intracoronary fd-OCT data are presented in Figure 5.

Angiography—The vascular tree is best appreciated in en face views. To this end, a

full volume needs to be recorded and the motion contrast calculated as outlined in the
Experimentation section. The presented enface view is calculated by projection (maximum
intensity, average, standard deviation, etc.) along specific depth ranges (Figure 6a). Typical
for OCTA are projection artifacts, i.e., motion signatures in the geometric shadow of
vessels that need to be appropriately handled.[122] In case of the ocular fundus, one

may distinguish various tissue plexi in depth. Capillary loss or neovascular growth as
indicator of major retinal diseases such as proliferative diabetic retinopathy or wet age
related macula degeneration can be easily spotted in OCTA enface maps.[68,123] For proper
layer extraction along the natural shape of tissue, the retinal pigment epithelium may serve
as perfect reference. In dermatology the vascular information provided by OCTA enhances
the diagnostic capabilities for skin cancers (Figure 6b). The invasiveness or stage of tumor
that is accompanied by characteristic chaotic neovascular growth is an important factor for
clinical decisions regardless of anatomical tumor location (Figure 6c). In contrast to narrow-
band endoscopic imaging, endoscopic OCTA has the advantage of deeper penetration as
well as to provide volumetric vascular maps.[124,125] Current trends are to increase the
field of view by increasing the recording speed, or by reducing the number of analyzed
tomograms through efficient noise reduction. Vascular biomarkers include capillary density,
fractal index, tortuosity, vessel diameter, or branching lengths.[24,126-128] Deep learning
plays an increasingly important role for improving OCTA performance and for unleashing
its full diagnostic potential.[129] Recent results encourage to use the eye as window to the
brain by highlighting statistically relevant correlations between retinal vascular biomarkers
and neurodegenerative diseases.[130]

Elastography—OCE has been explored at proof-of-principle level for many
applications[83,84] but most published research has been directed towards the cornea,
seeking to assess keratoconus and glaucoma,[86,131] including recently directly on human
subjects.[132] In these applications, the transverse variation of mechanical properties is of
primary interest and the display of elastography data is typically provided by projection onto
the corneal surface or in a plane that is perpendicular to the optical axis. Similarly, for the
investigation of retinal changes arising from macular degeneration, transverse projections
are also most relevant.

Because biomechanical properties are known to vary during neoplastic changes,
elastographic measurements may also be relevant in oncology. A recent study demonstrated
that elastography measurements could help identify breast cancer tumor margins.[133] It
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is unclear whether en face projections or cross-sectional representation of biomechanical
properties will be most relevant, however.

Other potentially impactful applications of elastography that are at earlier stages of

development are cardiovascular assessment of vascular changes in atherosclerosis and as

a general mesoscale method in mechanobiology and tissue engineering.[134-136]
Applications

Interface with biological sample

The interface between the imaging instrument and the sample is highly application-specific.
Ophthalmic imaging, for example, typically requires non-contact delivery of light to the
cornea through air. Cardiovascular imaging requires very narrow gauge (~ 0.8 mm), highly
flexible, atraumatic catheters that are compatible with guidewires and that have lengths
approaching 2 m. Endoscopic imaging of the esophagus is similar to intravascular imaging,
but the diameter of the esophagus is much larger, requiring a mechanism for expanding the
lumen and centering the imaging probe. In all of these applications, however, the common
paradigm is that a focused beam illuminates the sample and a reflectance profile along

the optical beam axis is measured. Such axial reflectance measurements, or A-lines, are
repeatedly acquired while the beam is scanned transversely across the sample to generate
an image. The depth- or axial-resolution of OCT is determined by interferometry and is
typically less than 10 um. Transverse resolution is determined by the focus of the beam

on the sample. Since light is subject to diffraction, there is an important fundamental link
between the tightness of a focus and the axial range over which the focus persists; focusing
more tightly results in more rapid diffraction and a shallower depth of focus. Providing
images having a depth range of a few mm therefore necessitates a compromise in transverse
resolution. Typically, OCT is performed with a focal spot size of roughly 30 um and this
can easily be achieved with modest numerical aperture or f-number. Coupled with the fact
that the spectral extent of the OCT light has a fractional bandwidth near 10%, the optical
system that delivers light to the sample is relatively insensitive to aberrations and is simple
and inexpensive. This characteristic is critical for applications where sterilization or safety
dictate the use of disposal delivery optics.

Ophthalmic Imaging

Ophthalmology was the first clinical area where optical coherence tomography (OCT) was
successfully applied.[137] Because the eye is highly transparent, the OCT scan beam can
reach the back (fundus) of the eye with minimal loss to image the retina and optic nerve.
Whereas fundus photography and scanning laser ophthalmoscopy provide 2-dimensional
views of the fundus, OCT is inherently 3-dimensional. Thus en face OCT can be used to
separately visualize many retinal and choroidal layers, and cross-sectional OCT can further
pinpoint the depth of pathologic changes with micrometer precision. Because of these
advantages, OCT had surpassed fundus photography and fluorescein angiography as the
top Medicare reimbursed ophthalmic imaging procedure since 2003.[20] OCT angiography
(OCTA) is a functional extension of OCT that was introduced as a commercial clinical
device in 2014 and is gradually gaining adoption.
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OCT and OCTA are useful in the diagnosis and management of age-related macular
degeneration (AMD), diabetic retinopathy, and glaucoma - the 3 leading causes of
irreversible blindness. The most important new sight-saving therapy in the past two decades
was intravitreal anti-vascular endothelial growth factor injections for exudative age-related
macular degeneration (AMD) and diabetic macular edema. The primary indication for these
injections is the accumulation of fluid inside or under the retina (Figure 8), as visualized

by OCT.[138] OCT is also used to guide surgeries for macular hole and other sequelae of
vitreoretinal traction syndrome.[139] OCTA is used to detect neovascularization (Figure 8)
and ischemia in AMD, diabetic retinopathy, and other diseases.[140-142] Glaucoma and
other optic nerve diseases cause thinning of the peripapillary retinal nerve fiber layer and
macular ganglion cell complex, as well as loss of capillaries that supply these retinal layers.
[143,144] These changes are now routinely detected by OCT and OCTA. This is particularly
useful for the diagnosis and monitoring during the early stages of glaucoma, when timely
treatment can be more effective in preventing significant visual impairment.[145]

OCT is also used to visualize and measure the anterior segment of the eye. Corneal
tomography and topography are used to guide laser and surgical treatments.[146,147]
Anterior chamber angle measurements are used to diagnose angle-closure glaucoma.[148]
And biometric measurements of the cornea and lens are useful for selecting the intraocular
lens implant in cataract surgery.[149]

Intravascular Imaging

In current practice, the gold standard for diagnosing coronary artery disease is the coronary
angiogram. Coronary angiography is a “luminogram”, by which we look at changes

not in the disease itself, but changes in the adjacent structure.[150] The development

of intravascular imaging modalities has made a significant contribution both to the
facilitation of percutaneous coronary intervention (PCI) and to a better understanding of

in vivo vascular biology. Several meta-analyses demonstrated significant mortality reduction
when PCI was guided by intravascular ultrasound (IVUS). Intravascular OCT was first
demonstrated in human subjects in 2001[151] and criteria were developed for characterizing
atherosclerosis,[152,153] monitoring stenting,[154] and identifying macrophages.[155]
Compared to IVUS, OCT has 10-fold higher resolution and 40 times faster pull-back speed
(shorter image acquisition time).[104] Although data on OCT-guided PCI is limited at
present, there has been an explosion of studies using OCT to study coronary atherosclerosis.

Contemporary PCI is performed with a 6 or 7 Fr size guiding catheter, a 0.014 inches
guidewire, and balloon / stent delivery systems. An intravascular OCT imaging catheter is
composed of an optical fiber and lens within a transparent sheath which is advanced into the
coronary artery over a guidewire.[156] The OCT catheter is placed in the distal portion of
the culprit lesion to obtain the cross-sectional images of the artery, and blood is displaced
from the lumen by injecting contrast medium for 3—4 seconds, during which the optical
fiber is automatically pulled-back obtaining 180 frames of images per second (75mm in
approximately 2 seconds).

As previously mentioned, OCT offers high resolution images of vascular structures. There
are two clinical indications for OCT: facilitation of PCI and a diagnosis of underlying
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mechanism of ischemia or infarction with non-obstructive lesions. In the setting of PCI,
information on plague composition as well as the reference vessel size and the lesion
length can be obtained by OCT. Based on this information, the optimal stent (size and
length) is chosen and the stenting strategy (direct stenting vs. predilation, need for high
pressure inflation using a non-compliant balloon, etc.) is developed (Figure 9A). However,
in contrast to the body of data generated by 1VUS-guided PCI, only several randomized
studies have been carried out to evaluate the value of OCT-guided PCI to improve outcomes.
ILUMIEN I1I: OPTIMIZE PCI study was a randomized controlled trial which compared
the acute results of stent deployment and 30-day outcomes among OCT-guided, IVUS-
guided, and angiography-guided PCI.[157] This study demonstrated comparable minimal
stent cross-sectional area and similar adverse cardiac event rates between OCT-guided and
IVUS-guided PCI, but less frequent intimal dissection or strut malapposition in OCT-guided
PCI than in IVUS-guided PCI. The OPINION trial corroborated ILUMIEN I11, showing
an almost identical target vessel failure-free survival rate between OCT-guided PCI and
IVVUS-guided PCI, which lasted until 12 months.[158] The conclusion is that no study

has convincingly demonstrated that OCT-guided PCI is better than IVUS-guided PCI.
Another entity where OCT has a unique value is in myocardial infarction / ischemia with
non-obstructive coronary artery disease,[159] which has been attributed to multiple causes
such as small disruption of mild atherosclerotic plaque, coronary thrombosis, spontaneous
coronary artery dissection, coronary spasm, or microvascular disease, in which OCT is a
crucial tool to rule out a vascular origin along with cardiac magnetic resonance imaging.
[160]

As mentioned above, convincing evidence showing that OCT-guided PCI improves patients
outcomes would be crucial for the future of OCT in cardiology. Another potential role

of OCT is the identification of plaque erosion in patients with acute coronary syndromes
(ACS). As the nature of plaque erosion is distinct from plaque rupture, the therapeutic
strategy may need to be tailored based on the plaque phenotype. Indeed, the proof-of-
concept EROSION study showed conservative management without stenting may be

an option for patients with ACS caused by plaque erosion.[161] If the result of the
EROSION study is replicated in randomized controlled trials, it may potentially change
the management of millions of patients with ACS around the world annually.

Gastrointestinal Endoscopy

Gastrointestinal endoscopy is indicated in the evaluation of a variety of gastrointestinal
symptoms and often used to screen patient populations at risk of certain gastrointestinal
disorders and to perform surveillance and treatment of established disease. The diagnostic
capability of gastrointestinal endoscopy is limited by visualization of mucosal surface
morphology and vascular patterns and often requires tissue biopsies for histopathologic
confirmation of disease. Advanced imaging modalities such as OCT[162] provide an
‘optical biopsy’ capable of enhancing real-time diagnosis and guiding treatment.

Esophagogastric Optical Coherence Tomography—-Barrett’s esophagus (BE), the
metaplastic transformation of the normal squamous epithelium that lines the distal
esophagus, is considered the precursor to esophageal adenocarcinoma and can undergo
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neoplastic progression through stepwise dysplastic changes. Random endoscopic biopsies
are used to diagnose BE, but can lead to a missed diagnosis of dysplasia.[163] In this
context, the application of OCT to BE surveillance aims to enhance the diagnostic yield

of BE dysplasia and provide real-time diagnosis that can be used to guide treatment.

[164] Early studies using a linear scanning OCT endoscopic probe (axial resolution 10

um, depth of imaging 2.5 mm)[29] describe features capable of distinguishing intestinal
metaplasia from normal squamous epithelium and dysplastic BE including changes in

the normal squamous layered architecture and differences in surface signal intensity and
epithelial glandular architecture.[165,166] Subsequently, a next-generation fd-OCT system
was designed specifically for BE surveillance using a balloon-based rotational imaging
probe capable of volumetric imaging across 6 cm of the esophagus (Figure 9B) with an axial
resolution of 7 pm, and an imaging depth 3 mm).[104] This instrument was commercialized
under the Nvision NinePoint Medical Volumetric Laser Endomicroscopy (VLE) system.
[167] The VLE system was capable of performing laser directed marking[168] of OCT
abnormalities for targeted endoscopic biopsy and included a computer assisted OCT image
interpretation software.[169] A multicenter study determined the feasibility of VLE for

BE surveillance and was followed by refinement and incorporation of OCT diagnostic
criteria for BE dysplasia.[22,170,171] The cross-sectional imaging capability of VLE
makes it particularly useful in evaluating for Barrett’s mucosa buried underneath squamous
epithelium,[172,173] and for guiding BE endoscopic therapy.[174] Several studies have
also demonstrated the utility of VLE in staging early-stage esophageal adenocarcinoma
and squamous cell carcinoma. Further advancements in OCT techniques have included the
application of deep learning for automated diagnosis, [174] and a tethered capsule capable
of imaging the esophagus without white light endoscopy and conscious sedation.[175,176]

Small Bowel and Colorectal Optical Coherence Tomography—Accurate
characterization of colorectal polyps during colonoscopy is associated with direct impact
on clinical practice. Mucosal pit and crypt patterns that distinguish adenomatous from
hyperplastic polyps can be visualized with endoscopic OCT and enhanced by en-face
imaging.[177] Crohn’s disease (CD) and ulcerative colitis are autoimmune inflammatory
disorders of the gastrointestinal tract that can be distinguished by their clinical presentation
including the presence of transmural inflammation. Disruption of the layered architecture
of the colon wall can be observed with OCT and was found to be an accurate marker for
transmural inflammation in CD.[178] Celiac disease is an autoimmune disorder that leads to
villous atrophy of the small bowel from exposure to gluten in the diet. OCT and TCE have
been used to visualize small bowel villi and measure degree of villous atrophy in patients
with Celiac disease.[176,179]

Pancreaticobiliary Optical Coherence Tomography—~Primary sclerosing cholangitis
(PSC) is a progressive liver disease associated with inflammation and fibrosis of the intra
and extrahepatic bile ducts. Endoscopic retrograde cholangiopancreatography (ERCP) in
conjunction with adjunct imaging modalities is often required to distinguish between a
benign PSC stricture and bile duct cancer. OCT imaging of the pancreaticobiliary ductal
system is performed using ultrathin imaging probes capable of fitting through the ERCP
instrument channel. First generation probes consisted of a rotating OCT catheter housed
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within a transparent sheath (1.2 and 2.4 mm diameter).[180] A second-generation low-
profile (2.3 mm diameter) probe was developed for use with the NinePoint VLE system.
[181] Several studies describe OCT morphological features associated with malignant
biliary strictures including epithelial thickening, a hyperreflective surface and loss of

inner wall layering.[182,183] Similarly, OCT features of lack of layered architecture and
heterogenous backscattering have been used to describe malignancy associated with the
main pancreatic duct.[184] The clinical diagnostic performance of OCT in the diagnosis of
pancreaticobiliary pathology is an area of ongoing study.

Pulmonary Bronchoscopy

The detection, diagnosis and monitoring of pulmonary diseases is highly dependent on
imaging. Computed tomography (CT) can detect and localize regions of abnormality

but often lacks the necessary resolution and contrast for diagnosis. Tissue sampling for
diagnosis either by minimally invasive endobronchial biopsy, or surgical biopsy can be
associated with increased risks to the patient and is subject to sampling errors. The use
of endobronchial OCT to address these limitations in pulmonary medicine has gained
significant traction in recent years. Much of the work has been focused on the use of
OCT for aiding in the detection and diagnosis of airway pathology, in monitoring disease
progression over time, and in assessing the dynamic microstructure and function in vivo.
Specific disease examples where OCT is making an impact include asthma and obstructive
lung diseases, lung cancer, and more recently interstitial lung disease.

Obstructive lung disease—Airway remodeling is a characteristic feature of obstructive
lung diseases including asthma and chronic obstructive pulmonary disease (COPD) and
has been shown to be closely associated with disease severity.[185] While CT imaging

is capable of assessing changes in airway wall thickness, it cannot discern individual

layers of the airway wall or differentiate mucus from tissue. A number of studies have
demonstrated that OCT can accurately identify and measure individual layers of the airway
wall, with results validated against histology[23,186,187]. Studies have demonstrated the
clinical potential of OCT to assess airway remodeling associated with pulmonary function
decline. OCT measurements of airway wall thickness have been demonstrated to correlate
with pulmonary lung function in smokers and individuals with COPD,[188,189] and OCT
assessments of airway remodeling including epithelial thickening and mucosal buckling

(a metric to assess bronchoconstriction) were found to correlate with a decrease in lung
function in individuals with asthma (Figure 9C).[190]

Increased thickness of airway smooth muscle (ASM) through remodeling is a key feature

of both COPD and asthma and contraction of the ASM resulting in bronchoconstriction
promotes airway obstruction. By incorporating PS-OCT to measure the tissue birefringence,
ASM can be accurately and reliably detected and quantified (Figure 9 C).[191] In addition,
birefringence has been found to correlate to ASM force of contraction in limited studies
providing crucial information not only on the amount of ASM but also its function.[191] A
pilot study recently reported on the potential utility of PS-OCT for monitoring the response
to therapeutic bronchial thermoplasty for the treatment of poorly controlled asthma and
determining which patients are most likely to respond favorably to this treatment.[192]
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Lung Cancer—As with any malignancy, early diagnosis of lung cancer is critical

to patient survival. While computed tomography (CT) has made significant strides in
increasing early detection, diagnosis must be made on the microscopic level, typically with
high-risk surgical biopsy or bronchoscopic biopsy, which has low diagnostic yields. The
use of OCT for addressing this diagnostic gap has largely focused on biopsy guidance

to increase diagnostic yields of the low risk bronchoscopic approaches. Following early
feasibility studies that demonstrated the potential of OCT to detect neoplasia and early
cancer in the airway wall [193-196] investigators focused on the development and clinical
validation of image interpretation criteria.[23,197-199] The accuracy of OCT diagnosis of
lung cancer has been reported in the range of 73.7-94.7% in a blinded review of OCT
images from surgical resections.[199] Though future large scale clinical studies are clearly
needed, these results suggest that intra-procedural OCT diagnosis may provide critical
information to the treating physician in cases where diagnostic accuracy by traditional
means remain unacceptably low.

Interstitial Lung Disease—More recently, investigators have explored the potential of
OCT for aiding in the diagnosis of interstitial lung disease (ILD), particularly idiopathic
pulmonary fibrosis (IPF), which is a fatal form of ILD with the worst prognosis. The
diagnosis of IPF is challenging and often requires a multidisciplinary approach including
radiographic and pathologic assessments. OCT has been shown to detect many of the
pathologic features of ILD including the development of fibrosis and the presence of
features such as honeycombing, cysts, and bronchiectasis, which are all necessary features
for diagnosis (Figure 9C).[200] A clinical pilot study conducted in 27 ILD patients
undergoing surgical biopsy demonstrated that OCT could accurately detect microscopic
honeycombing and traction bronchiectasis that was not found on CT and that OCT could
diagnose IPF with a sensitivity of 100% (95% CI: 75.8% - 100%) and specificity of 100%
(95% CI: 79.6%-100%) when compared to the clinical diagnosis of IPF.[201] Though
additional clinical research will be required, these early results indicate a promising future
role for OCT in the clinical management of individuals with ILD.

Reproducibility and data deposition

DICOM®, which is recognized by the International Organization for Standardization as

the 1SO 12052 standard for archiving medical imaging and related data, has established
standards for ophthalmic, cardiovascular, endoscopic and angiographic OCT image data. It
appears, however, that most instrument manufacturers utilize proprietary data formats, which
complicates efforts to standardize and disseminate image processing software. Similarly, no
uniform standards have been adopted by system manufacturers for color or grayscale lookup
tables. Since commercial systems only provide processed images rather than raw fringe data,
this represents a major hurdle for standardization.

As previously discussed, the interferometer in OCT measures optical distances and
calibration by the sample index of refraction is required to accurately portray the physical
structure of the sample. Further complicating matters, the index of refraction is not
homogeneous in most biological tissues and it can vary within individual OCT cross-
sections. In applications where accurate distance measurements are required to guide
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intervention, as in the case of stent sizing in cardiovascular OCT, it is important to
accurately measure the relevant index. Intravascular OCT manufacturers, for example,
permit users to specify which contrast agent is used during flushing and link this designation
to previously measured index data.

A recent review has identified nearly 100 ophthalmic data repositories containing over half a
million OCT images.[202] The situation in other clinical fields is entirely different, possibly
owing to the shorter history of commercially available systems; no publicly available
repositories appear to be available for cardiovascular, gastrointestinal, or pulmonary OCT.
The Mass General Optical Coherence Tomography Registry reports findings based on

over 3000 international intravascular OCT cases.[203] Another private database, The
International Pediatric OCT Registry, investigates the use of OCT for early detection of
coronary vascular changes in children and adolescents after cardiac transplantation.[204]

Limitations and optimisations

Image quality

Perhaps the most confounding characteristic of OCT that inhibits the consistent
interpretation of medical images is the phenomenon of speckle: a mottled-appearing artifact
of bright and dark features, on a scale near that of the resolution, that arises from coherent
interference of the light scattered from the sample. Speckle is inherent to all spatially
coherent imaging modalities, including ultrasonography and confocal microscopy. The
significance of speckle is evident by the large body of research dedicated to its mitigation;
a search using Google Scholar and keywords speckle, reduction, and OCT, yields over
30,000 results. Strategies to reduce speckle essentially rely on the incoherent averaging of
multiple images wherein the sample structure is consistent while the speckle realization is
uncorrelated. While some of the methods that have been reported have shown benefit with
some impairment of resolution, there remains an important opportunity for new approaches
in this area.

A second significant general limitation of OCT is its depth of penetration. In most biological
tissues, the penetration depth is limited by scattering to a few mm. While scattering

falls monotonically with increasing wavelength, the scaling is not strong and moving to
wavelengths longer than 1300 nm is complicated by the paucity of high quality optical

and fiber optical devices and components. Fortunately, internal organs can be accessed by
narrow diameter, flexible catheters and endoscopes that may be inserted through luminal
channels or minimally invasive incisions. Imaging catheters as small as 300 um have been
demonstrated, which are compatible with needle access.[205]

For any imaging modality, the contrast between different tissue or cellular elements is
essential. Endogenous contrast in OCT arises from variations in the backscattering cross-
section of various tissue components. Fortunately, the dynamic range of OCT is typically
on the order of 50 dB and many tissue exhibit significant structure in OCT images.
Additionally, spectroscopic OCT has been applied to enhance endogenous contrast through
analysis of spectrally-dependent reflectance.[206] Further, several approaches have been
developed to introduce labeled, exogenous contrast agents in OCT.[207-209]
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While OCT has become the gold standard for the diagnosis and monitoring of retinal
pathology and OCT angiography is an attractive modality for observing vascular disorders,
it has not fully replaced the need for fluorescein angiography. Since OCT angiography relies
on blood flow for contrast, it cannot be used to detect leaky vessels. Additionally, there
remains a need for wider field of view imaging and for achieving high resolution OCT
without dilating the pupil.

Blood is highly attenuating in OCT and intravascular imaging presently relies on the
infusion of saline or contrast agents to temporarily displace blood. This adds complications
to the procedure and in some patients is contraindicated by renal insufficiency. As imaging
speeds continue to increase, the required injection volume will decrease and benign agents
such as dextran are potential solutions. An important role for intravascular imaging is in
measuring the reference vessel diameter to determine the optimal stent size. This entails
measurement of the cross-sectional area of the media at locations distal and proximal to the
stenosis that will be treated. The contrast of the media on reflectance OCT may not always
be sufficient for robust automated measurement algorithms. Fortunately, PS-OCT appears to
provide a much more consistent contrast of the media based on birefringence and this may
prove to be a more robust basis for automated measurements. Another significant limitation
for intravascular OCT is in the depth of penetration of lipid rich plaques where scattering
can be very high. The development of hybrid ultrasound and OCT catheters appears to be a
solution to this dilemma, and a commercial hybrid product is available.[210,211]

In gastrointestinal endoscopy and pulmonary bronchoscopy, image criteria have been
identified and validated for detecting early neoplastic changes. While the application

of these criteria by expert readers has underpinned most research studies, the broad
dissemination of OCT will undoubtedly require automated procedures. With the rise of
powerful artificial intelligence algorithms for machine learning and machine vision and the
availability of the required large training datasets, it is likely that automated diagnosis will
become routine. At present, the cost of endoscopic and bronchoscopic procedures through
which OCT is delivered is high and the application to screening roles is not economically
practical. The advent of strategies like tethered capsule endoscopy that circumvent the need
for conscious sedation and the cost of endoscopy may overcome this limitation.

The availability of high performance, compact, and inexpensive optical components is
essential for the widespread dissemination of OCT instrumentation. Early development in
the field depended upon the synergistic interests of the telecommunications industry for

the photonic components required for OCT light sources, interferometers, and detectors. As
OCT commercialization expanded and diversified, component performance has continued to
increase as prices have dropped. The materials cost for OCT consoles remains influential
when contemplating new clinical strategies and opportunities, however, and further advances
will be necessary to sustain growth in the field. The size of OCT instrumentation is also
important, as it would be advantageous to better integrate hardware seamlessly into specific
clinical environments.

Nat Rev Methods Primers. Author manuscript; available in PMC 2023 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bouma et al.

Page 24

Advances in computing resources and artificial intelligence will undoubtedly be major
factors in the future of the OCT field. Graphical processing units, which have largely

been developed for computer gaming, offer major opportunities for accelerated numerical
processing with compact, low power, and economical hardware. The promise of machine
learning for automated image interpretation and quantification is widely appreciated in
medical imaging and as OCT data becomes more readily available, advances in these areas
for OCT will play increasingly important roles. While the primary focus in these areas will
be on advanced diagnostic roles and in guiding intervention, there are also opportunities for
artificial intelligence in signal processing roles, such as speckle mitigation and functional
imaging.

While computational speed is one factor for OCT performance, fast image acquisition also
requires advances in light sources for frequency domain and digital cameras for spectral
domain. Currently, the fastest fd-OCT lasers that have been integrated into commercial
medical imaging systems enable A-line acquisition rates of 100 kHz. Increasing this speed
by 10- or even 100-fold may be possible as prototypes of novel laser designs become
refined. It is less clear what might be possible with advances in high speed digital cameras,
but rates approaching 1 MHz may be possible. In both cases, these improvements will be
clinically significant for wider field of view imaging with fewer motion artifacts and fewer
constraints on clinical procedures.

OCT has already enriched the clinical understanding of many ocular diseases and it has
been increasingly relied upon for intraoperative guidance. Improvements in large volume,
three dimensional imaging will be important for advancing these roles in refractive surgery
and the treatment of cataracts and glaucoma. New strategies for wide field angiography
and quantitative flow measurements may also be important for the diagnosis of retinal
diseases. The prospects for using OCT and functional imaging for detecting retinal changes
in advance of cognitive deficits in Alzheimer’s disease has drawn significant interest and
could play a prominent role in the future of the field.

Prospective, multi center cardiovascular studies seek to quantify potential improvements

in the outcome of coronary treatments guided by imaging compared with conventional
intervention. The outcome of these studies will be pivotal for the field as they could identify
a role for intravascular OCT in the standard of care treatment of coronary lesions meeting
the current criteria for percutaneous intervention. With roughly 4 million procedures
currently being performed annually, such a role would significantly increase intravascular
OCT use. Further, there is a potential role for coronary OCT to comprehensively screen
main coronary arteries in patients undergoing intervention for disease that may give rise to
future events. This capability would not only increase OCT use but would also enable new
therapeutic procedures to prevent heart attack.

In gastrointestinal imaging, current OCT procedures are performed adjunct to white light
endoscopy through the use of imaging catheters that are inserted through the endoscope
instrument channel. Although this approach has been compatible with research and early
dissemination strategies, faster and more streamlined operation is desirable. Integration of
OCT functionality directly into the endoscope and increased imaging speed could enable a
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reduction of procedure time from what is currently several minutes to seconds. The advent
of tethered capsule OCT also opens the fundamentally new opportunity for diagnostic
esophageal screening, as comprehensive upper Gl imaging is now possible in unsedated
patients, thereby drastically reducing cost and overall procedure time.

The navigation of OCT imaging catheters is uniquely important for pulmonary imaging.
While early clinical studies have required bronchoscope actuation for directing an OCT
catheter, tailored designs will be required to navigate the complex pulmonary anatomy. In
addition to mechanically actuated catheters, interstitial OCT probes, perhaps mimicking
biopsy needles, will be required to reach regions of lung beyond the boundaries of the
airway wall.

Across all clinical fields, future integration of OCT hardware into the specific clinical
environments will be important. Aside from guided corneal refractive surgery instruments,
OCT is currently deployed as a stand-alone system or console. Reductions in system

size and cost would enable advanced OCT capabilities to be seamlessly deployed within
standard clinical infrastructure. Coupled with the overall trend of accelerating progress in
OCT technology development and the breadth of OCT research programs internationally,
integration and dissemination will drive future clinical growth and adoption.
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Box 1:
Image quality

The following key quantitative parameters of OCT system performance directly influence
image quality.

Resolution

Image resolution along the optical axis is commonly referred to as axial resolution and is
determined by the wavelength, A, and spectral extent of the light source, A\

2
5= 22 40
T r onAx’

where n is the refractive index of the sample medium. It is common to specify a system’s
resolution ‘in air’, meaning with a unitary index of refraction. Typically, OCT systems
provide axial resolution between 1 pm and 10 pm.

Resolution in the plane perpendicular to the optical axis is defined in terms of the focal
spot size, which is determined by the optical system f-number numerical aperture, NA.
Common OCT systems provide transverse resolution of 20 — 30 pm.

Depth range

The axial range over which reflections may be detected and correctly located, referred
to as depth range, is determined by the spectral resolution. In spectral domain, spectral
resolution depends upon the design and alignment of the spectrometer; in frequency
domain, it is determined by the instantaneous line width of the laser.

Sensitivity

Detection sensitivity is defined by the sample reflectivity that gives rise to a signal

equal to the power of the system noise floor. Noise comes from quantization and
electrical noise in digital electronics, thermal noise of photodiode receiver, RIN of

light source (potentially attenuated by common mode rejection of receiver), and by

shot noise. Optimal systems are configured so that shot noise is the dominant term.
Practically, systems with —95 dB sensitivity are thought to be sufficient but typically high
performance systems operate closer to —115 dB. Higher speed, resolution, or scan range
may compromise sensitivity.

Roll-off:

Detection sensitivity typically is not constant over the entire depth-range. The degree
to which the sensitivity diminishes through the range is referred to as roll-off, which is
quantified by the range over which the sensitivity drops by 3 dB of fringe amplitude or,
equivalently, 6 dB in signal intensity.
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Dynamic range:

The ratio between the maximum and minimum sample reflectivity that may be measured
without modification to the system is the dynamic range. OCT systems commonly
provide dynamic range in excess of 60 dB.
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Figure 1. Basic OCT system configuration.
Temporally incoherent (multiple wavelengths) and spatially coherent light from a source

is directed through an interferometer to a sample and a controlled reference path.
Backreflected light is then detected and digitized. A computer is used for signal and image
processing and display.
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Figure 2: Basic OCT signal analysis:

(a) Block diagram Background subtraction is initially applied to the raw digital signal.
Although some systems may intrinsically record the interferometric signal as a function of
wavenumber (inverse wavelength), most systems require a step of interpolation to ensure
equal k-sampling. Numerical compensation of any imbalance of the dispersion in the
reference vs the sample interferometer path improves resolution (b). In fd-OCT systems,
this step may be accompanied by compensation for any nonlinearity in the wavelength
sweep of the laseUsing the optimal parameters of the correction function, it is possible to
remove nonlinearities from the fringe signal and thus maximize the SNR and minimize the
width of the PSF axial function - in this case, by compensating for dispersion, a 3.3-fold
improvement in axial resolution is achieved (d). Application of a suboptimal correction
function can result in the appearance of asymmetry, large side-lobs and PSF broadening
even with small mismatches of this function (green dashed line) (d). A spectral window,
typically a Gaussian or Hamming filter, is applied to control the shape of the axial point
spread function (c)When the window (in this case Gaussian) is used optimally, a reduction
in side-lobs is achieved at the expense of a broadening of the PSF and a loss of axial
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resolution (d). When a suboptimal window (narrower than the original spectrum) is used,
removal of side-lobs is associated with a significant loss of axial resolution and SNR (d).
Conversion of the fringe data to reflectance as a function of depth is performed using
Fourier transformation. The large dynamic range of OCT data is preserved for display using
logarithmic compression to form the final axial reflectance profile or ‘A-line’.
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Figure 3: Circular ranging concept.
The imaging properties of a CR-OCT. a. When conventional OCT is used to image a

sample with a large variation in height, a significant portion of the measurement data
describes “empty” space, which are the regions above the sample surface and beyond the
imaging penetration depth. b. A CR-OCT image collects multiple depth locations into each
measurement such that the sample appears as though it had been circularly wrapped onto
itself. Because this wrapped image is a more data compact representation of the sample,

it can be captured with fewer measurements. ¢. The upper and lower image boundaries of
CR-OCT images are cuts through a continuous circular delay. This can be seen by noting
the continuity of the sample when these images are tiled vertically. d. An A-line in the CR
image describes the sample as a function of a looped circular depth coordinate. This depth
spacing between measurements (Az) and number of depth pixels (N) in the depth A-line are
directly related to the combline spacing (Az) and the number of comblines (N) in the optical
frequency comb source used to perform CR-OCT imaging. An image of a human hand atop
an optical table is depicted in the lower left panel as an x-y (transverse) projection. At any
every point in this image, it is possible to display the corresponding cross-sectional image.
One cross-sectional image, across the nail-fold region of the left ring finger, demonstrates
the depth of penetration and resolution characteristic of state-of-the-art conventional OCT.
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Figure 4: Basic image processing steps.

Multiple A-line (depth, z) scans are acquired while the OCT beam is swept transversally
across the sample. Cross-sectional (transverse - depth) images (B-scans) are computed

by combining multiple A-lines and mapping the reflectance data to gray scale. Typically
images are displayed with isotropic scale. Data corresponding to multiple B-scans may be
acquired with a second direction of transverse scanning (x-y). The resulting data volume
may be processed to compute horizontal sections or en-face projections. In some cases,
three-dimensional visualization of the data may assist interpretation and further extraction
of sub-volume of interest. In the case of rotational catheter scanning systems, the typical
acquisition coordinates are cylindrical: r (depth) and &-z (transverse).
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Figure5: Polarization-sensitive OCT results.
Catheter-based PS-OCT in the left circumflex coronary artery of a 52-year-old male

patient undergoing percutaneous coronary intervention. Polarization-diversity detects the
signal along two linear orthogonal polarization states (h,v) in response to illumination by
two input polarization states (el, e2) (bottom left). The incoherent mean of all signals
serves to visualize the conventional scattering signal of OCT (top left). The retardance of
the round-trip Jones matrix (J) demonstrates tissue anisotropy but is difficult to interpret
because it cumulates the effect of propagation through tissue layers (top middle). In
comparison, analysis of the local Jones matrix reveals depth-resolved tissue birefringence
(An, bottom middle) and optic axis orientation (0, bottom right) and clearly delineates
tissue layers (media, white arrow heads) with distinct anisotropy (purple arrows point

to areas with increased An), suggestive of increased collagen and smooth muscle cell
content or cholesterol crystals. Depolarization, computed using the incoherent Mueller-
Stokes formalism quantifies the randomization of the detected polarization states, caused

C)

o

by scattering in lipid-rich plaques and macrophages, or by the absence of meaningful signal.

Scale bar: 1 mm.
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Figure 6: OCT Angiography principle and results.
Steps to calculate OCTA enface maps starting from series of tomograms taken at the

same slow scanning position at time intervals AT to enface projection views at indicated
depth ranges (a); nodular basal cell carcinoma in skin, the color coded depth ranges are
indicated in the color bar(reproduced from[127] (b). OCTA of a xenotransplanted U87
human glioblastoma multiforme tumor in a mouse brain. Depth-projected vasculature within
the first 2 mm is color coded by depth, ranging from yellow (superficial) to red (deep). Scale
bar, 500 um (c) (reproduced from[24]);
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Figure 7: Elastography results.
OCT intensity image and corresponding elastogram (upper panels) of human breast

tissue (reproduced in part from [212]. Elevated stiffness of tumor is readily detected

by elastographic OCT. Measurements of shear wave speed (lower panel) provide for the
identification of important structural layers within the human cornea. [Reproduced in part
from [86]]
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Figure 8: Ophthalmic application.

An eye with exudative age-related macular degeneration. (A) En face structural OCT. The
dotted line transects the cross section shown in panel C. (B) En face OCT angiogram

with color coded flow signal (inner retina in violet and outer retina in yellow). The

choroidal neovascularization is in the outer retina. (C) Cross-sectional projection-resolved
OCT angiogram with reflectance shown in gray scale and flow signal color coded by depth
(choroid in red). The neovascular membrane is in the outer retina (yellow) under the pigment
epithelium. Intraretinal cyst (green arrow) and subretinal fluid (red arrow) are indications for
an anti-neovascular injection.
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Figure 9: Catheter and endoscopic applications.
Figure 9a Representative fd-OCT images of the coronary artery after stent implantation.

Upper panel shows cross sectional images and lower panel longitudinal pull-back image.
Based on the baseline OCT measurements before PCI showing 2.6mm and 3.4mm lumen
diameters at distal and proximal reference sites, respectively, with the lesion length of
31.8mm, the operator implanted a stent with a 3.0mm diameter and 38mm length. A
lipid-laden atheroma (5 — 12 o’clock) is observed distal to the stent (A). Struts of metallic
stent are identified as reflections accompanied by back shadows (white arrows, B). Minor
dissection of intima is detected between stent struts (white arrowhead, C). Significant
malapposition of stent struts are visualized at the proximal edge of the stent (green arrows,
D).

Figure 9b: Representative frame of a volumetric laser endomicroscopy (fd-OCT) scan
performed on a patient with Barrett’s esophagus with high-grade dysplasia. (A) Normal
squamous epithelium demonstrates a layered architecture that transitions into Barrett’s
epithelium (B) characterized by effacement of the layered architecture and irregular surface.
Area of Barrett’s esophagus with highgrade dysplasia (C) characterized by high-surface
signal intensity and dilated, irregular epithelial gland (arrow). Scale bar = 1 cm.

Figure 9c: Endobronchial fd-OCT images of pulmonary diseases, including asthma, lung
cancer and interstitial lung disease. (A) Cross sectional OCT image acquired in vivo from an
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individual with mild allergic asthma. The airway smooth muscle (ASM) highlighted in red
was segmented utilizing circumferentially oriented optic axis information from PS-OCT. (B)
A longitudinal reconstruction of squamous cell carcinoma obtained using EB-OCT. Arrows
point to squamous nests located within the tumor mass. e - epithelium, ¢ - cartilage. (C)
EB-OCT image obtained from a patient with IPF highlighting the presence of honeycombing
(HC), fibrosis (f) and traction bronchiectasis (TB). Scale bars = Imm.
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