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1 Introduction

Abstract. Since its introduction, optical coherence tomography
(OCT) technology has advanced from the laboratory bench to the
clinic and back again. Arising from the fields of low coherence inter-
ferometry and optical time- and frequency-domain reflectometry,
OCT was initially demonstrated for retinal imaging and followed a
unique path to commercialization for clinical use. Concurrently, sig-
nificant technological advances were brought about from within the
research community, including improved laser sources, beam delivery
instruments, and detection schemes. While many of these technolo-
gies improved retinal imaging, they also allowed for the application of
OCT to many new clinical areas. As a result, OCT has been clinically
demonstrated in a diverse set of medical and surgical specialties, in-
cluding gastroenterology, dermatology, cardiology, and oncology,
among others. The lessons learned in the clinic are currently spurring
a new set of advances in the laboratory that will again expand the
clinical use of OCT by adding molecular sensitivity, improving image
quality, and increasing acquisition speeds. This continuous cycle of
laboratory development and clinical application has allowed the OCT
technology to grow at a rapid rate and represents a unique model for
the translation of biomedical optics to the patient bedside. This work
presents a brief history of OCT development, reviews current clinical
applications, discusses some clinical translation challenges, and re-

views laboratory developments poised for future clinical application.
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other clinical and research applications.> A number of prom-
ising scientific developments remain on the horizon as well,

Optical coherence tomography (OCT) was first demonstrated
for cross sectional retinal imaging in 1991 by a Massachusetts
Institute of Technology (MIT) team headed by Fujimoto.'
Since then, it has become a clinically useful diagnostic tech-
nique in the ophthalmology community. OCT instrumenta-
tion, buoyed by a stream of technological advancements, has
undergone substantial improvement in the past decade, and, as
a result, is now well positioned for wide adoption in various
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ensuring that the potential applications for OCT-based tech-
niques will continue to widen for the foreseeable future.
OCT is an interferometric imaging technique that maps
depth-wise reflections of near-infrared (NIR) light from tissue
to form cross sectional images of morphological features at
the micrometer scale. In the most basic form, an OCT instru-
ment consists of a Michelson-type interferometer with a fo-
cused sample arm beam and a lateral-scanning mechanism.
OCT traces its origins to the field of optical coherence-domain
reflectometry, a 1-D distance mapping technique that was
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originally developed to localize reflections from faults in fiber
optic networks and was quickly applied to biological
applications.“_6 These ties to the telecommunications industry
have allowed the OCT community to leverage existing and
state of the art low-cost hardware for biomedical applications.

Initial OCT technology was licensed by MIT to Humphrey
Systems (now Carl Zeiss Meditec Incorporated, Dublin, Cali-
fornia), which commercialized the technology for ophthalmic
applications, released its first unit in 1996, gained Federal
Drug Administration (FDA) clearance in 2002, and has sold
more than 6000 of its Stratus OCT™ systems to date.” The
OCT intellectual property landscape has become quite diverse
since the development of this first system, with current patent
holdings by a variety of corporate and academic entities.
Among the approximately 40 U.S. patents with OCT in the
title, Carl Zeiss Meditec still dominates corporate patent hold-
ers with more than ten, and the University of California leads
academic institutions with four, as of the publication of this
review. The corporate landscape itself is also expanding, and
clinical OCT systems are now being manufactured for various
applications by a group of established and start-up companies
that includes Carl Zeiss Meditec Incorporated, LightLab Im-
aging (Westford, Massachusetts), Imalux Corporation (Cleve-
land, Ohio), ISIS Optronics GmbH (Mannheim, Germany),
OCT Medical Imaging, Incorporated (Irvine, California), No-
vacam Technologies, Incorporated (Pointe-Claire, Canada),
and Lantis Laser Incorporated (Denville, New Jersey). A new
set of companies focusing on high-speed retinal imaging, in-
cluding OptoVue, Incorporated (Fremont, California), Topcon
Corporation (Tokyo, Japan), Optol Technology (Zawiercie,
Poland), Heidelberg Engineering (Heidelberg, Germany), and
Opthalmic Technologies, Incorporated (Toronto, Canada), has
also emerged recently. Today, it is estimated that more than
37,000 OCT scans are performed daily in the U.S.?

In addition to the widespread development of clinical OCT
systems, a significant market has also developed for research-
targeted systems and components. For example, several com-
panies, including Femtolasers Produktions GmbH (Vienna,
Austria), Nippon Telegraph and Telephone Corporation (To-
kyo, Japan), and Thorlabs, Incorporated (Newton, New Jer-
sey), through its partner MenloSystems GmbH (Munich, Ger-
many), sell compact broad-bandwidth optical sources that are
marketed for OCT application. In addition, full-featured
stand-alone OCT systems for research use are sold by Thor-
labs, Incorporated and Bioptigen, Incorporated (Research Tri-
angle Park, North Carolina), whose 840- and 1310-nm sys-
tems incorporate advanced visualization software and are
compatible with a broad selection of application-specific
scanners. This partnership between industry and academia has
lowered the cost of entering the OCT research community.
When coupled with the accessibility of ophthalmic OCT sys-
tems to clinicians, this commercialization has spurred expo-
nential growth in both scientific and medical OCT research. A
simple measure of this growth is the number of academic
journal publications with OCT in the title. Figure 1 shows a
graph of this metric over time, as measured using the U.S.
National Library of Medicine PubMed service and the Ameri-
can Institute of Physics Scitation database, showing medical
and scientific studies, respectively.

This surge in OCT investigations has taken place in paral-
lel with the development of next-generation technologies that
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Fig. 1 Growth of OCT scientific and medical research publications.
The graph shows the number of publications per year with optical
coherence tomography in the title as indexed in the PubMed and
Scitation databases. Data for 2007 is extrapolated based on the num-
ber of citations as of September, 2007.

have opened new frontiers of OCT application. High-speed
imaging capabilities are key among these advances, as they
have enabled the rapid acquisition rates that are often neces-
sary to reduce artifacts due to patient motion. Additionally,
these capabilities have led to the ability to generate 3-D volu-
metric images within reasonable time constraints. OCT imag-
ing speed increases have been achieved with Fourier domain
detection techniques such as spectral-domain OCT (SD-OCT)
and swept-source OCT (SS-OCT), where rapid scanning of
narrow-band source spectra is performed. These techniques
have been made possible by technological advances in detec-
tor and source technologies. Finally, application of OCT deep
within the body requires that minimally invasive imaging de-
vices be employed since OCT penetration depths are typically
limited to about 1 to 3 mm in highly scattering tissues. In
addition to handheld probes, a variety of imaging devices
have been integrated into clinical devices to allow for mini-
mally invasive OCT imaging throughout the body with endo-
scopes, catheters, and biopsy needles.

2 Clinical Applications
2.1  Ophthalmology

OCT has made its most significant clinical contribution in the
field of ophthalmology, where it has become a key diagnostic
technology in the areas of retinal diseases and glaucoma.’"?
Ophthalmic OCT imaging has not only made the transition
from the bench to the bedside, but has also contributed to new
laboratory investigations by revealing previously hidden clini-
cal features of ocular diseases and the microscopic changes
associated with treatment. The technique was first commer-
cialized by Carl Zeiss Meditec, Incorporated and is now con-
sidered superior to the current standard of care for the evalu-
ation of a number of retinal conditions.”” Retinal OCT
imaging provides high-resolution imagery of subsurface reti-
nal features that were previously inaccessible with fluorescein
angiography and ophthalmic ultrasound. The contrasting
structure and reflectivity in the retinal layers allow for differ-
entiation of the retinal nerve fiber layer (RNFL), nuclear lay-
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Fig. 2 High-resolution OCT images showing normal retinal structures
at 3-um axial resolution. Abbreviations: ILM—inner limiting mem-
brane, NFL—nerve fiber layer, GCL—ganglion cell layer, IPL—inner
plexiform layer, INL—inner nuclear layer, OPL—outer plexiform
layer, ONL—outer nuclear layer, ELM—external limiting membrane,
IS/OS—junction between the inner and outer photoreceptor seg-
ments, and RPE—retinal pigment epithelium. Images provided by
Fujimoto and Drexler.

ers, plexiform layers, external limiting membrane, retinal pig-
ment epithelium, photoreceptor layers, and choriocapillaris
(Fig. 2). In OCT images of the retina, horizontal cell orienta-
tion is correlated with high reflectivity, while nuclei and ver-
tical structures have low reflectivity.

OCT has been used to diagnose a number of vitreoretinal
conditions. In addition to the evaluation of normal vitreous
separation caused by aging,14 OCT has been used to identify
vitreous adhesions, which are thought to play a potential role
in the development of macular holes and macular edema. The
severity of macular holes, which are tears in the retina thought
to be caused by shrinking vitreous that adheres to the retina,
have been extensively investigated using OCT, greatly ex-
panding the general understanding of the disorder.'*'>'8
These investigations are also crucial for patient care, espe-
cially in treatment planning, as surgical treatment decisions
are dependent on the extent of damage. Postoperative man-
agement of macular hole repair is another powerful applica-
tion for OCT imaging, which is capable of evaluating foveal
features and monitoring for recurrent macular holes."” '

Macular edema, a thickening and swelling occurring when
fluid and protein deposits collect on or under the macula, is
often a complication of diabetic retinopathy and can be
caused by fluid leakage from abnormal blood vessels or trac-
tion by the vitreous gel. While fluorescein angiography re-
mains the only method for the identification of leaking ves-
sels, it cannot identify cases of nonvascular macular edema.
OCT, however, has been extensively employed for the identi-
fication of cystoid macular edema and the monitoring of
macular thickness, which is correlated to a decrease in central
vision."'**™* Finally, in age-related macular degeneration pa-
tients, OCT has been used to assess the vitreoretinal interface
and macular attachment, identify the presence of intraretinal
cysts, and evaluate the subretinal space.26

Analysis of RNFL thickness, which is thought to be a sen-
sitive indicator of glaucomatous damage, has also been under-
taken with OCT.*"** In comparison to traditional analysis,
which was not capable of assessing diffuse atrophy, commer-
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cial OCT systems, which are now equipped with automated
software that allows for quantification of RFNL thickness
over wide retinal areas, are capable of precise, reproducible
measurements.” > Studies have shown that these measure-
ments are highly correlated with visual function.**** Addi-
tionally, RFNL thickness measurements allow identification
of focal defects in earlier stages of glaucoma development
than standard techniques.”>”® The extensive body of investi-
gative work that has been performed in this area has revealed
a strong potential for routine glaucomatous damage assess-
ment using OCT-measured RNFL thickness. Various other
ophthalmic OCT applications have also been investigated, in-
cluding the visualization of lamellar holes, assessment of vit-
reomacular traction syndrome,37 and measurement of corneal
water concentration in vitro.*®

OCT has also been used to evaluate chorioretinal disease
treatment protocols.3 -4 Pharmacological treatment ap-
proaches, including intravitreal drug injections, have been the
topic of several recent studies that incorporated OCT
imaging.**** These imaging studies have provided powerful
visual evidence that drug injections may be preferable to pho-
tothermal tissue ablation in certain circumstances. Several ad-
ditional randomized clinical studies are underway to evaluate
laser and pharmacological treatments for macular diseases.
These investigations demonstrate the increasing tendency to
incorporate OCT imaging, as opposed to angiography alone,
into clinical studies, due primarily to its ability to capture
treatment-induced retinal changes on the micrometer
scale. "

Several recent technological advancements have been ap-
plied to retinal imaging. High-speed 3-D OCT retinal imag-
ing, for example, significantly reduces movement-induced ar-
tifacts during scans across wide regions.47 The spectral-
domain detection techniques that enable high-speed imaging
have recently been incorporated into a number of commercial
systems. Polarization-sensitive OCT (PS-OCT) is a functional
OCT technique that reveals sample-induced polarization
changes in the optical field. This technique has been used to
map optical retardation and slow-axis orientation in the retina,
and to identify a polarization-scrambling layer at the posterior
boundary of the retina that is thought to be the retinal pigment
<epithe:1ium.48’49 Adaptive optics have also been employed in
retinal imaging to correct for wavefront distortions induced by
ocular aberrations at the air-cornea interface.””' These tech-
niques compensate for this distortion by employing special-
ized cameras to account for defocus and astigmatism. These
techniques, which often require highly complex optical sys-
tems, have shown a significant improvement in resolution
over standard OCT imaging, even enabling the visualization
of individual photoreceptors. Another significant recent ad-
vance is the incorporation of functional information to OCT
imaging, a modality referred to as optophysiology, wherein
changes in dark-adapted retina caused by light stimulation
result in pronounced local variation of the tissue reflectivity
profile in the inner/outer segments of the photoreceptor layer
and the plexiform layers. The technique could significantly
improve the diagnosis of various ophthalmic conditions that
have functional vision impairment but lack associated mor-
phological changes, potentially leading to a better understand-
ing of retinal physiology and pathology.52
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Fig. 3 Intravascular imaging of a fibrous coronary plaque showing:
i—intimia (with intimial hyperplasia), m—media, and a—adventitia.
The left figure is an intravascular OCT image showing a clear delin-
eation of layers, including the internal and external elastic laminea. A
fibrous plaque () is visible and partially obscured by a guidewire
shadow artifact (). The right figure is a corresponding 30-MHz IVUS
image at the same location.®® Reprinted with permission. Copyright
Elsevier, 2002.

2.2 Cardiology

Over the past decade, OCT has been extensively applied in
the field of cardiology. It was first used to examine the struc-
tural integrity of the vasculature in the coronary artery, and
more recently has been applied for cellular and molecular
analysis using modalities such as spectroscopic OCT and
PS-OCT.>>”"! There have been several technological advances
that have allowed OCT to become adaptable for imaging the
cardiovasculature, including the development of rotational
catheter-based probes, the improvement of acquisition speed,
and the introduction of functional OCT modalities. As these
technological advances have been made, imaging and valida-
tion have been performed in vivo.

In comparison to intravascular ultrasound (IVUS), OCT
provides higher resolution by approximately an order of mag-
nitude (Fig. 3).33973962 1 addition, probes have been devel-
oped to integrate OCT sample-arm optics into intravascular
catheters, providing forward and radial OCT imaging
capabilities.“’72 Catheter-based imaging, enabled by high-
speed data acquisition systems,”” can be performed by either
manually feeding the probe through the vasculature or auto-
matically pulling it through the vasculature during image ac-
quisition.

Atherosclerosis is the process in which materials such as
cellular waste, fatty substances, cholesterol, calcium, and fi-
brin build on the inner lining of an artery, or in regions sur-
rounding the lumen. Atherosclerosis currently accounts for
more than 75% of cardiovascular diseases (CVDs) including
strokes, which make up 18% of CVDs.” The development of
vulnerable plaques is often caused by an inflammatory re-
sponse and is a key component in the development of athero-
sclerosis and of CVDs in general. Recent research has focused
not only on the detection of plaques but also on their potential
for rupture. Distinguishing characteristics of vulnerable
plaques include a thin fibrous cap, a large lipid pool, and an
increase in macrophage activity.

The ability to identify the location and progression of ath-
erosclerotic lesions has become a critical issue, since they are
a leading cause of death and severe long-term disability.74 An
ideal clinical application for cardiovascular OCT imaging is
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the visualization of vulnerable plaques in the coronary or ca-
rotid arteries, and evaluation of their potential for progression
or rupture. This evaluation would ideally be performed after
these suspicious areas had been localized regionally by an-
other method like CT, ultrasound, or fluoroscopy. Structural
OCT images penetrate about 1 to 3 mm into tissue and have
been correlated with IVUS images, the current standard in
intracoronary imaging.*® Intravascular OCT imaging is lim-
ited by tissue penetration depth and blood-induced signal at-
tenuation, which can be reduced with a saline flush or tempo-
rary vascular balloon occlusion prior to imaging.

OCT has been demonstrated as a tool for in vivo quantifi-
cation of activated macrophage content and identification of
plaque type contained in a lesion.””” Plaque identification has
been demonstrated with high sensitivity and specificity (fi-
brous 87%, 97%; fibrocalcific 95%, 100%; and lipid-rich
92%, 94%). The OCT-quantified macrophage density under-
neath the fibrous cap has been shown to directly correlate with
the patient’s clinical presentation. The presence of activated
macrophages located near the endothelial layer is thought to
contribute to the instability of a vulnerable plaque by tissue
factor expression and the erosion of the endothelial
layer.ﬁ&75 " In addition to the presence of macrophages, clini-
cally interesting materials include calcific nodules associated
with plaque thrombosis, multinucleated macrophages, and
cholesterol crystals present in lipid pools. These materials are
being investigated with OCT, and preliminary results validate
the ability to detect and identify plaques and to assess associ-
ated risk factors.®**"> In addition, OCT has been used to
characterize the attenuation and layer thickness changes asso-
ciated with arterial wall components such as the intima, me-
dia, lipid-rich regions, and calcifications.””

Intravascular OCT has been successfully used in the char-
acterization and visualization of cardiac interventions, such as
percutaneous coronary intervention and stent
implantations.”* 586264688 The most common cause of pro-
cedural failure in the treatment of chronic total occlusion
(CTO) by percutaneous coronary intervention is the inability
to properly navigate the guidewire. In cases of CTO of a
coronary artery, OCT is being evaluated as a tool to decrease
the chances of guidewire perforation of the artery and dissec-
tion of the intima.*"* In the case of stent implantation, imag-
ing has been performed prior to balloon deployment and after
stent installation, giving surgeons a real-time assessment of
stent apposition and its role in re-expanding the vascular
walls.”*®" OCT was also recently used to visualize several
features that could not be observed using IVUS, including
stent integrity, neointimal proliferation, and
neovascularization.”*** The high-resolution in-vivo OCT
images allowed for a real-time assessment of the optimal
placement and deployment of stents by allowing for assess-
ment of stent overexpansion and identification of poststenting
vessel injuries.54’85 In addition, OCT has been used to view
neointimal hyperplasia resulting from coronary drug-eluting
stent implantation. Finally, high-resolution OCT imaging has
been applied for the assessment of stent failures such as res-
tenosis and stent thrombosis.

Recent efforts to develop functional OCT modalities
have allowed cardiovascular imaging to progress beyond mor-
phological sensitivity. These OCT techniques are helping to
bridge the gap between the structural and underlying bio-

86-96
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Fig. 4 A clinical vascular OCT system from LightLab Imaging.

chemical information that may lead to improved understand-
ing and assessment of disease. PS-OCT, for example, is a
functional mode of OCT® that has shown potential in the
study of vulnerable plaques. Changes in intrinsic tissue bire-
fringence are thought to be indicative of changes in the tissue
functionality and structure. Some preliminary studies show
that fibrous and calcified plaques have unique birefringence
properties that can be visualized with PS-OCT. Also, the con-
centration of collagen rather than the collagen type was found
to dominate overall plaque birefringence.97 Since the reduced
synthesis of collagen and the increased expression of collage-
nase are associated with the development of vulnerable
plaques, it is hypothesized that the accompanied loss of bire-
fringence will be detectable with PS-OCT. In the event of an
accumulation of collagen leading to vascular stenosis, PS-
OCT may also be able to detect the associated increase in
birefringence.”””® OCT can also be used to measure the in-
trinsic optical attenuation coefficient of tissue in sifu.”’ This
capability may allow for spatial discrimination between
thrombus, lipid-rich regions, intimal tissue, calcified tissue,
and medial tissue.””*"'" Other functional modalities like op-
tical coherence tomographic elastography, sometimes referred
to as optical coherence elastography, are also being investi-
gated to evaluate the mechanical properties of arterial
walls, 101102

Intravascular OCT has begun to move from the validation
phase to clinical use. For example, the effects of focal and
multifocal macrophage distribution have been studied in pa-
tient populations at the Massachusetts General Hospital.”
These studies demonstrate the progression of OCT imaging
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Fig. 5 OCT imaging of the human breast. The bottom images are of an
excised human breast tumor showing the margin between invasive
ductal carcinoma (left side) and normal fatty tissue (right side). The
OCT and hematoxylin and eosin stained histological section corre-
spond well. Axial scans from the two tissue types (top) show the
changes in tissue density and separation between scattering features.

from the bench to the bedside and back, through the direct
clinical impact on patient care and the research contribution
of OCT-generated insights into the pathogenesis of coronary
diseases. Finally, commercial OCT systems, including those
developed by LightLab Imaging, are being targeted to the
cardiovascular market, primarily aiming to more precisely di-
rect conventional balloon angioplasty and stent procedures.
LightLab Imaging has installed 80 intravascular OCT imaging
systems (Fig. 4), completed a 100-patient U.S. Food and Drug
Administration (FDA) trial, and obtained regulatory approvals
for cardiology imaging in the European Union, China, and
Korea.

2.3  Oncology

OCT application in the field of oncology is a relatively recent
development. Despite the short time since development, im-
aging has been performed on a broad spectrum of malignan-
cies including those arising in the breast, bladder, brain, gas-
trointestinal, respiratory, and reproductive tracts, skin, ear,
nose, and throat. OCT imaging has largely been applied for
the evaluation of surgical margins and the early detection of
small lesions that would often not be visible on gross exami-
nation, two tasks that align well with current clinical empha-
ses on early detection and intervention.

First demonstrated in rat mammary tumor models,103 OCT
has the potential to be an effective tool for the detection of
lesions in the human breast due to the significant structural
differences between the fibro-fatty tissue comprising most of
the breast, and the densely scattering tumor tissue that arises
from within the functional epithelial network of ducts and
lobules (Fig. 5). By analyzing the spatial frequency content of
the axial scattering response, highly sensitive tissue classifi-
cation has been shown with normal tissue and invasive ductal
carcinoma lesions.'® The internal location of most breast le-
sions limits OCT application to open surgical procedures or
requires the use of needle-based imaging devices.
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In the operating room, OCT has been used to scan recently
excised breast tissue during lumpectomy procedures to assess
the margin of normal tissue surrounding the tumor. Typical
procedures call for initial gross pathological evaluation of the
mass, followed by light microscopy of frozen or paraffin-
embedded tissue sections. Not only is this procedure time and
labor intensive, but it also suffers from a number of potential
problems, including limited spatial sampling over the mass,
seepage of ink deposited during gross examination, and arti-
facts induced by radiographic manipulation.'” By imaging
the top 1 to 2 mm of the entire tissue surface immediately on
resection, the margin status can be assessed quickly and thor-
oughly with OCT, enabling the surgeon to resect additional
tissue immediately, if necessary.'®

OCT has also been investigated as an adjunct to the stan-
dard sentinel lymph node biopsy (SLNB) procedure used to
map the lymphatic system and determine whether a primary
breast tumor has metastasized.'”’ By using dyes or radioactive
tracers to locate the first node in the lymphatic drainage pat-
tern leading away from the tumor site, the SLNB procedure
drastically reduces the number of lymph node resections re-
quired for accurate histopathological staging of the disease.
OCT may be applied in vivo to provide real-time detection
and indicate the necessity of additional surgical resection.

Breast biopsy procedures, used to physically sample suspi-
cious tissue without open surgery, may also be improved by
incorporating OCT-based instrumentation. Significant sam-
pling difficulties have been reported when guiding needle bi-
opsies with external ultrasound and x-ray imaging techniques,
as is the current standard practice. By incorporating a biopsy
needle device into the OCT sample arm, additional diagnostic
information can be generated, aiding in the identification of
the appropriate tissue for biopsy. Single axial scans can be
acquired using focusing micro-optics at the tip of a single-
mode optical fiber, potentially providing diagnostically sig-
nificant backscattering and refractive-index information from
a device that can be easily incorporated into a standard biopsy
needle.'® !

Ear, nose, and throat and esophageal lesions are another set
of promising targets for OCT imaging due to the difficulties
presented by traditional visual examination and the accessibil-
ity of tissue wusing specialized endoscopic OCT
techniques.''>™""* OCT has been used to evaluate the laryngeal
mucosa,'"” the most common site of primary head and neck
malignancy development, and has been found to be an effec-
tive means of quantifying the thickness of the epithelium,
evaluating the integrity of the basement membrane, and visu-
alizing the structure of the lamina propria.''®'"” In addition,
preliminary studies have been conducted to evaluate the ap-
plication of OCT imaging to the oral cavity, oropharynx, vo-
cal folds, and nasal mucosa.''®

OCT has also been extensively applied in the gastrointes-
tinal tract."*'™"* Patients with Barrett’s esophagus, a condition
of cellular metaplasia that can progress to esophageal adeno-
carcinoma, typically undergo regular endoscopic surveillance
and biopsy to monitor for dysplastic changes. A number of
studies'* ¥ have been conducted to determine the feasibility
of using OCT imaging to identify suspicious lesions, includ-
ing a recent blinded clinical trial that showed an accuracy of
78% for the OCT detection of dysplasia in patients with Bar-
rett’s esophagus.'”’ While some improvements in clinician
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training, feature definition, and system resolution are still
needed, this OCT application is a strong candidate for future
clinical adoption. Finally, advances in the analysis of angle-
resolved axial-scan data for the evaluation of scatterer size
have been applied for the evaluation of nuclear morphology,
generating promising results for detecting dysplasia in an ani-
mal model."*

Recently, promising advances have also been made in the
detection of cervical cancer with OCT. In-vivo pilot studies
have shown that in premenopausal women, average OCT re-
flection intensities from abnormal cervical epithelium were
significantly stronger than normal epithelium, and vice versa
in postmenopausal women.'"'** These differences are likely
due to well-characterized neoplastic changes in the chromatin
texture and the nuclear morphology and texture.'® Scattering
changes have been incorporated into algorithmic tools devel-
oped for the identification of unique pathologies by fitting
experimental data to layered media models simulated within
the framework of small-angle radiative transfer
approximations.'*®

In addition to these academic investigations of OCT in
oncology, several applications have also been embraced by
commercial system developers. Imalux Corporation, for ex-
ample, has built on significant academic research,"”’'* and is
targeting the detection of bladder cancer, among other appli-
cations. OCT is thought to be valuable as an adjunct to tradi-
tional cystoscopy and laparoscopy procedures (Fig. 6). In
transurethral resection of bladder tumors, for example, OCT
has the potential to eliminate local recurrence and minimize
the amount of normal tissue removed by guiding surgical re-
section lines. Another commercially targeted application is
dermatological evaluation, a field in which OCT is well es-
tablished for cross sectional visualization of the dermis, epi-
dermis, adnexal structures, blood vessels, and boundaries of
cancerous lesions (Fig. 7)."**™"*® Although general-purpose
OCT systems can easily target the skin, ISIS Optronics has
developed a commercial OCT system that is specifically tai-
lored to dermatology applications, allowing for both scatter-
ing and refractive index mapping.

2.4 Other Applications

New applications for OCT are constantly being developed
outside of the fields of ophthalmology, cardiology, and oncol-
ogy. Noteworthy developments include the investigation of
OCT and PS-OCT for the evaluation of musculoskeletal
tissues,'* ™! the quantitative mapping of the upper airway
size and Shape,|52'153 and the visualization of dental
structures.'>*'*> Dental OCT, capable of detecting early decay
not visible on standard x-ray, is being developed commer-
cially by Lantis Laser Incorporated, which has secured intel-
lectual property rights, has raised significant funding, and is in
the process of designing a specialized clinical system. Addi-
tionally, applications in areas such as neurological, ovarian,
and prostate imaging continue to advance, but are not yet
ready for clinical use. OCT image-guided procedures continue
to affect patient care by moving diagnostic procedures out of
the laboratory and to the point of care.
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Fig. 7 3-D OCT data volume showing the morphology of a human
finger pad. Finger print ridges, dermal layers, and sweat glands are

Fig. 6 (a) High magnification OCT image of benign human bladder
taken with a clinical system during cystoscopy. Three distinct layers
are visible: urothelium (U), lamina propria (L), and muscularis propria
(M). A sharp border is visible between the urothelium and the lamina
propria. Image provided by the Imalux Corporation, courtesy of
Manyak (George Washington University, Washington DC). (b) Low-
magnification OCT image of a neoplastic rat bladder taken with a
research system. The diseased urothelium (U’, arrow) is clearly vis-
ible. Reprinted with permission (labels modified). Copyright Optical
Society of America, 2002.

3 Clinical Translation

Similarly to the developmental process for pharmaceutical
agents, there are five developmental steps that a new medical
imaging technique takes as it is developed from the laboratory
bench to the bedside (Fig. 8)."® Step 0 is focused on technol-
ogy development in the laboratory through initial design, cali-
bration, and testing. About five years is typically spent on this
step. Step 1 involves pilot studies that are carried out to assess
the feasibility and safety of the technique for the clinical ap-
plication of interest. During this step, the criteria or methods
used to differentiate between normal and abnormal tissue are
evaluated. As these studies gain momentum and provide
promising results, research moves on to Step 2, which is a
limited trial to study the usefulness of the technique in distin-
guishing between normal and abnormal tissue or in grading
different disease states. In Step 3, technology standardization
is of critical importance as multicenter randomized clinical
trials begin. This is the ultimate validation of the optical im-
aging modality in a clinical environment. About ten years are
typically spent in Steps 1 to 3 to fully translate a technology
from the bench to the bedside. Finally, in Step 4 the new
imaging modality is adopted as the standard of care, and is
further commercialized for the clinical specialty of interest.
This 15 to 20 year process can be further extended by the
introduction of contrast agents or other exogenous agents.

3.1 Imaging Validation

Throughout the translation process, there is continuous feed-
back between tissue phantom studies, cell line studies, animal
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visible. Scanning depth is 2 mm. Image provided by Bioptigen,
Incorporated.

studies, and human subject studies. The performance of an
imaging system must be continuously evaluated using these
investigation methods.

In OCT, tissue phantoms, broadly defined as samples de-
signed to mimic human tissue, may model the optical proper-
ties of tissue by incorporating scatterers and absorbers. They
may also be constructed to model the mechanical and spatial
properties of tissue through the use of scaffolds or gels. More
advanced phantoms may incorporate the use of cell lines such
as cardiomyocytes, fibroblasts, and cancer cells. Grown in cell
scaffolds, these phantoms are often used to identify biological
components that are overexpressed in a disease of interest and
to investigate their contribution to observed OCT signals.

Ex-vivo tissue specimens can be obtained from either well-
characterized animal models or human patients. A number of
appropriate animal models exist for human diseases. For ex-
ample, N-methyl-N-nitrosourea (MNU) -induced rat mam-
mary tumors model human ductal carcinoma, and atherogenic
rabbit diets induce atherosclerotic lesions similar to those in
humans. Human tissue specimens may be available from local
medical institutions in the form of discarded pathology speci-
mens or from tissue banks and repositories]S7’158 run by medi-
cal centers, hospital consortiums, or governmental agencies
such as the United States National Institutes of Health. As
OCT system designs have become more portable, many in-
vivo imaging opportunities have become available. A number
of unique issues are introduced during in-vivo testing such as
motion artifacts, the mechanical properties of tissue, the
physical location and frequent inaccessibility of the in-vivo
tissue, the presence of additional biological components not
present in tissue phantoms or ex-vivo samples such as blood,
fluid from saline washings, cauterized or scar tissue, and fi-
nally, the new logistics of incorporating new hardware and
technology into clinical protocols and settings.

Tissue validation studies are typically compared with light
microscopy of histological sections, the medical gold stan-
dard. Histological evaluation itself has a degree of uncer-
tainty, however, since pathological diagnoses suffer from
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Fig. 8 Diagram of the translational steps. The focus is on validation
within the first phases of development. The focus shifts to interaction
with the other groups as development moves toward clinical trials,
acceptance into medical community, and commercialization.

sampling variability and interobserver variability."”’ For ex-
ample, if a pathologist is uncertain as to the grade of dysplasia
present in a sample, he or she may obtain a second or third
opinion to provide a consensus diagnosis. This type of analy-
sis is highly dependent on pathologist experience, suggesting
that the diagnosis process is expert based, rather than evi-
dence based.'® Imaging modalities, on the other hand, rely on
quantitative, or evidence-based, methods to distinguish be-
tween tissue types.

Additional issues also arise when tissue specimen treat-
ment is considered. Histopathological examination typically
requires that the tissue be excised, preserved in formalin, em-
bedded in paraffin wax, thinly sliced, and stained prior to
examination. It is clear that significant morphological artifacts
may be induced as a result of this processing, and that the
histological sections may not truly reflect the structural fea-
tures in vivo. It is also recognized that a number of optically
induced artifacts arise in OCT images. The high degree of
correlation between OCT images and histological sections re-
mains remarkable, considering that images from each tech-
nique are generated by the transmission of light from orthogo-
nal directions. Still, the diagnostic usefulness of
histopathology and OCT stems from the ability of each to
detect deviations from established baseline image features
that arise from normal morphology. These issues raise a logi-
cal question: is histology the most appropriate standard to
which OCT imaging should be compared? In the case of
structural OCT, histopathology is likely the most appropriate
method for evaluation of morphological features, despite
these issues. However, as OCT incorporates molecular sensi-
tivity and functional imaging, this may no longer hold true.
Ultimately, one means by which to bypass the discrepancies
between in-vivo imaging and histopathologic evaluation is to
employ evidence-based medical outcome investigations such
as randomized clinical trials, which further validate the use of
OCT in clinical and surgical practice.

Imaging techniques are primarily developed for their diag-
nostic capabilities. There are four stages of technology vali-
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dation for assessment of the utility of a diagnostic test,'¢!~1%3

In the first stage, test results are assessed for their ability to
show differences between patients with and without a specific
disease or disorder. Stage two studies aim to ensure that all
patients with the disease yield abnormal test results, while
stage three studies evaluate test results for the ability to dif-
ferentiate between patients with and without the disorder. Fi-
nally, the fourth stage assesses the effect of early treatment on
patients who were diagnosed using the test. This validation
process requires the incorporation of animal and human tis-
sues into the research environment.

3.2 Animal and Human Studies

In the United States, studies involving the use of animal or
human tissue require compliance with federal and state laws
that regulate the humane use of animals and the rights of
human subjects. At most institutions, two oversight commit-
tees exist: the Institutional Animal Care and Use Committee
(IACUC) and the Institutional Review Board (IRB). These
committees review and approve all research studies involving
the use of animals and human subjects, respectively, prior to
initiation. The use of research animals in the U.S. is primarily
regulated under the Animal Welfare Act'® and the Health
Research Extension Act,165 which specifies IACUC commit-
tee membership requirements that strive to represent the in-
terests of researchers, animals, and the community at large.

TACUC protocols address issues such as the study ratio-
nale, the justification of animal use, and the number of ani-
mals to be used. The protocol evaluation time frame varies by
institution, but often takes on the order of 1 to 3 months, re-
quiring that protocols be developed well in advance of the
intended start of research. Many institutions also have an en-
forcement arm that is responsible for maintaining the well
being of research animals by providing animal care services
and performing inspections of protocol compliance. Finally,
individual funding agencies often have separate requirements
and guidelines regarding the proper use of research
animals.'®

Studies involving human subjects face similar regulations.
The primary responsibility of an IRB is to protect the rights of
participating human subjects by regulating patient consent
procedures and the protection of personal information. In-
formed consent protocols require that, only after potential
study subjects are fully informed and fully understand the
research study, can they voluntarily consent to participation.
Proper informed consent includes information on investiga-
tors, a layman’s explanation of the research, and a clear de-
scription of the proposed procedures. Additionally, the poten-
tial personal and societal risks and benefits of the research
must be presented.

The personal health information of enrolled patients must
also be protected, a process that can be complex when at-
tempting to correlate research results with clinical test results.
Investigators often require access to diagnostic information
regarding disease state and, in the case of OCT, direct corre-
lation between OCT images and histological sections from the
imaged area are typically necessary for validation. Medical
records and privacy are protected under the Health Insurance
Portability and Accountability Act'® that preserves patient
confidentiality by requiring the use of code sets or keys to
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deidentify medical information that is made available to re-
searchers. Records to be released under these provisions must
be detailed in the informed consent document.

IRB membership and protocols are subject to U.S. federal
regulation. Protocols may be classified as exempt research,
expedited review research, or full board review research
based on the nature and location of the research. Most optical
imaging research studies undergo expedited review by IRB
members due to the minimal risks involved, especially in the
case of ex-vivo studies. Minimally invasive OCT protocols,
such as intravascular or gastrointestinal tract studies, are
likely to undergo full review by the entire board. With the
exception of exempt research, continuing reviews are con-
ducted every 6 to 12 months to evaluate the progress of the
research study, the impact of adverse events, any protocol
changes, and any changes in the risks/benefits balance.

Safety protocols and training are also required for those
handling biohazardous materials from animal or human sub-
jects. In addition to institutional human subject training, the
U.S. National Institutes of Health (NIH) offer web-based
training modules. This training generally covers regulation
history and justification, in addition to presenting information
on unethical human research and informed consent.

3.3 Clinical System Design

Once the fundamental technology has been tested or proven in
a laboratory setting during translation Step 0, imaging instru-
ment hardware and software must be adapted for compatibil-
ity with the clinical setting in which it will be used. Many
issues must be taken into account, including the size, stability,
and ease of use of the instrument, the acquisition and process-
ing speeds of the system, and the accessibility and sterility of
any probes that may be in close proximity to or come in
contact with tissue. In addition, instrument and data standard-
ization is critical to aiding physicians and researchers in sys-
tem operation and image evaluation. As OCT continues to be
developed for new applications, standardization among inves-
tigators and across locations would be of significant benefit to
the community.

Since OCT can be implemented in a fiber-based system,
construction of the optical components of a portable OCT
system is rather straightforward. Recent advances in compact
light sources and detectors have allowed the footprint of such
a system to shrink significantly, an important factor to con-
sider, since many clinical settings have minimal available
space. Issues of stability and ease of use are also of critical
importance when an OCT system is to be used in demanding
environments that require the system to be operational within
minutes of being initialized. In this case, the optical system
must maintain its optical alignment, or be rapidly realigned,
following frequent movements within the hospital environ-
ment.

Recent advances in OCT detection schemes have enabled
axial-scan acquisition speeds on the order of hundreds of ki-
lohertz. This capability necessitates the implementation of
high-speed data processing hardware and software that are
capable of incorporating new computational algorithms that
compensate for dispersion and beam focusing aberrations.
These requirements can be met by using digital signal pro-
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cessing units, multiple processors, or parallel computing
schemes.

The sample arm of an OCT system can range from a hand-
held scanning probe to a fiber-based probe used in a catheter,
endoscope, or biopsy needle. In surgical applications, probes
used outside of the sterile surgical field may be easily steril-
ized with a bleach solution and disinfected after contact with
biological materials. To alleviate the need for repeated steril-
ization and also as an economic incentive, probes can be
made as single-use disposable medical devices, given the rela-
tively low cost associated with the optical components. Fiber-
based probes, for instance, are often constructed so that the
optical components do not come in direct contact with the
tissue but are protected by a transparent sheath, or a metal
sheath with a clear window for the imaging beam. Handheld
probes with sufficiently long working distances can also be
easily protected by covering them with disposable sterile plas-
tic wraps. While these methods are sufficient for ex-vivo use,
in-vivo applications have more rigorous requirements. Sterile
plastic covers may still be used for handheld probes, but fiber-
based probes must either be disposable after a single use or be
able to withstand sterilization in an autoclave, a device that
exposes materials to high temperature steam.

Clinical data can be expected to vary across patients, tissue
specimens, diagnoses, and imaging systems. System standard-
ization and calibration procedures can reduce system-induced
effects. For example, measuring the system’s signal-to-noise
ratio or imaging a standard tissue phantom prior to an imaging
session can be useful for system alignment and the compari-
son of image quality over time. Other forms of variability,
such as specimen or patient health and state of disease, may
be overcome by recruiting a sufficient number of study par-
ticipants to achieve appropriate statistical power.

Software standardization is also a significant issue, since
many research teams develop unique software to control sys-
tems, acquire data, and analyze images.'®’ No standard image
or visualization formats currently exist in the OCT research
community. Data standardization would bring benefits in data
interpretation from multiple sites and make algorithm devel-
opment and data analysis easier to apply retroactively. An
equally important issue is the definition of the role that OCT
data will play in the clinical applications of interest. For ex-
ample, if OCT will compliment that of another imaging mo-
dality, one must consider the means by which OCT results
will be merged with existing acquisition techniques, data stor-
age systems, and visualization methods. Efforts are underway
by the NIH and industry groups to establish a standard for
optical imaging technologies.167 Development of an open
source platform is also underway, potentially allowing mo-
dalities to become “plug-ins,” potentially providing standard-
ization and reduced software development requirement on the
part of individual investigators.

Medical instruments typically must undergo testing prior
to hospital use to ensure that operation will not interfere with
the clinical environment. For example, electromagnetic inter-
ference with other equipment must be ruled out, electrical
power quality requirements must be insured, and laser radia-
tion must be kept at safe levels. The latter issue is of little
concern for clinical OCT systems that expose the sample to
less than a few milliwatts of power, most often falling well
under the laser radiation maximum permissible exposure lim-
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its set forth under ANSI laser safety standards for skin and
soft-tissue exposure.l(’8 Attenuation of the incident power is
frequently needed to meet the safety requirements for oph-
thalmic OCT imaging.

Future issues to be addressed include the incorporation of
OCT results into medical records and assignment of clinical
responsibility for the acquisition and interpretation of the
OCT results within the medical team. Increased data acquisi-
tion rates generate very large OCT datasets that must be prop-
erly stored and analyzed. It is also evident that new ap-
proaches for computer-based detection algorithms will
become important as the acquired data volume exceeds the
ability of users to extract diagnostically useful information in
relatively short periods of time.

3.4 Clinical Trials and Commercialization

Randomized clinical trials form the basis of evidence-based
medicine and are conducted in four phases. In phase 1 trials,
the technology is applied to a small group of individuals to
evaluate its safety and to identify any potential issues or side
effects. Phase 2 trials are expanded to a larger group of pa-
tients, further testing the effectiveness and safety of the tech-
nology. Phase 3 trials are traditionally multicenter studies and
are carried out to confirm the effectiveness of the new tech-
nology, compare it to other commonly used diagnostic meth-
ods, and collect any information on anomalies or adverse ef-
fects that may occur as side effects. Phase 4 trials are almost
always carried out by the private sector in an effort to deter-
mine the risks, benefits, and optimal uses of the technology.

In the late stages of development and in clinical trials,
private sector individuals with specializations in biomedical
imaging technologies are often introduced for guidance and
funding. Corporate partners frequently prefer to pursue tech-
nologies with established manufacturing processes that are
easily scalable and transferable, rather than investing in fun-
damental research and development. Major medical compa-
nies also primarily focus investments on technologies with
demonstrated clinical success and strong market potential.

Before a technology can be fertile for commercialization, it
must be tied to a specific procedure rather than simply a clini-
cal field of application. The tight restrictions surrounding de-
vice approval as part of the standard of care require that the
approved uses be well developed and validated. Only success-
ful clinical trials will yield clinical adoption of new technolo-
gies and, in the U.S., the necessary premarket approval by the
FDA.

Currently, the burden of clinical trial costs is shared by the
academic community and the private sector. There are cur-
rently no reimbursements available from the U.S. Centers for
Medicare and Medicaid Services (CMS) for technology
evaluation, as physician reimbursement rates have not kept up
with rising medical costs and are expected to decline in the
near future. Reimbursements made for clinical imaging trials
would most likely take away from funds allocated to other
diagnostic or screening procedures. Standardization of optical
imaging validation processes may assist the community in
gaining FDA approval and potential CMS reimbursement.'®
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3.5 Barriers to Translation

The barriers of translation'® can be separated into cultural
and logistical challenges. Cultural challenges arise due to dif-
ferences in communication and career expectations. The clini-
cal language of medicine is often not intuitive to the scientists
and engineers focused on basic research. The opposite is also
true as scientists and engineers find it difficult to explain their
research to physicians. Additional cultural barriers exist be-
tween the academic professional community (medical, basic
science, or technology research) and the more clinical (non-
research) medical professionals. For example, scientists are
often focused on the discovery and development of new tech-
nologies, while physicians are focused on how to best treat
patients or help introduce new techniques to benefit patients.
Institutional expectations for career development also tend to
be quite different, often leading to mismatches in research
translation goals and focus. There is clearly a role for
physician-scientists or physician-engineers to break down
these cultural barriers, as these individuals have been trained
for the specific purpose of translating the basic science or
technology research into the clinic, helping to bridge the gap
between these communities.

The remaining barriers are logistical in nature. First, geo-
graphic limitations may create barriers to collaboration. The
research campuses where biomedical optics research is con-
ducted are often located far from the medical campuses or the
institutions where patient care is delivered. The difficulties
presented by this scenario may be overcome by creating
physical space at both locations where visitors can be embed-
ded, potentially opening new lines of communication and col-
laboration. Institutions with medical and university campuses
located within close proximity of one another, however, have
a distinct advantage when pursuing technology translation.

The legal implications of collaborations occurring across
multiple institutions can be complex. In the U.S., the Bayh-
Dole Act gives universities intellectual property control over
federally funded research. Though the effects of this legisla-
tion are widely debated, it may potentially act to impede the
flow of scientific discovery by pressuring institutions to de-
vote resources to the development and commercialization of
intellectual property. By increasing the involvement of the
private sector in clinical trials, however, technology develop-
ment barriers may also be reduced as funding is potentially
increased.

Operational and navigational barriers also exist. The intro-
duction of a new medical imaging technology increases the
need for trained users of a nonstandard technology, for robust
and reliable instrumentation, for interpreters of nonstandard
data, for duplication of the technology, and for the establish-
ment of standard operating procedures. Finally, a wealth of
specialized knowledge is needed to navigate through the com-
plex landscape of study design, federal regulations, oversight
committees, patient recruitment and consent, outcome mea-
sures, legal implications, and commercialization require-
ments.

Many of these challenges can be overcome through the
involvement of all stakeholders in the development and trans-
lation of a technology. This cooperation will open lines of
communication between the various parties and thereby speed
translation, especially in the early phases of technology devel-
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opment. Feedback about upcoming or potential issues can be
obtained early in the translation process, assisting scientists
and engineers as they maneuver through the process. The es-
tablishment of physical and interpersonal infrastructures may
assist researchers to navigate the complicated technology
translation landscape. Mentorship networks and physical in-
frastructure may be developed for patient recruitment, team
member communication, data analysis, data sharing, and
regulation compliance. Other proposals have called for in-
creased funding for the standardization, duplication, and vali-
dation processes.

Finally, networks and teams of independent investigators
often form in the medical research field to advance a field of
research. Research teams often consist of an independent in-
vestigator with expertise in biomedical optics and basic sci-
ence, as well as physicians with expertise in the pathogenesis
and systemic effects of the disease being investigated. With a
research team that carries expertise in multiple arenas, some
translation barriers can be avoided and research can often ad-
vance at a quicker pace. Such an interdisciplinary team allows
members to train each other on technology issues, including
the advantages and limitations of the technology, on disease
pathophysiology, local and systemic disease effects, diag-
noses, and treatments. Interdisciplinary teams such as these
have been established and supported through the Network for
Translational Research in Optical Imaging (NTROI) and
through other NIH centers that bring together physicians and
biomedical optics investigators.

4 Bench Work Poised for Clinical Translation
4.1 Molecular Imaging

The clinical utility of OCT would be greatly enhanced if it
provided contrast to specific biomolecules. This capability,
known as molecular imaging, has become a major emphasis
in many areas of biomedical imaging.'”’ Molecular imaging
strategies can be divided into two broad classes: using exog-
enous contrast agents that are introduced into the body, which
bind specifically to the biomolecules of interest (molecular
contrast imaging); or direct imaging of the endogenous bio-
molecules (endogenous molecular imaging). The ability to de-
sign contrast agents for use with a variety of optical tech-
niques makes molecular contrast imaging extremely attractive
in spite of difficulties such as contrast agent toxicity, in-vivo
agent transport and clearance, and specificity to the molecular
target. In comparison, direct endogenous molecular imaging is
not complicated by the introduction of outside agents, but is
limited to the spectroscopic data obtained by directly querying
the molecule.

4.1.1  Contrast agents

Contrast agents currently under development for OCT span a
range of sizes and include single-molecule dyes, nanopar-
ticles, and microspheres.'”' While many of these experimental
agents are not yet approved for human use, most incorporate
established nontoxic materials, such as gold or iron oxide.
Although traditional fluorescent and bioluminescent probes do
not emit coherent light, and thus provide no contrast with
OCT, other agents that exhibit large optical scattering or ab-
sorption cross sections can be used to provide positive or
negative contrast enhancement, respectively.
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Similar to ultrasound contrast agents,I72 submicron par-
ticles and microspheres (>200 nm) are typically introduced
into the blood pool or lymphatic system, where they remain
until cleared via the reticuloendothelial system. Because arte-
rial OCT imaging is well established,* targets of particular
interest include inflammation (e.g., via phagocytosis by active
macrophages) and angiogenesis (e.g., targeted via the integrin
a, B receptor) for identifying disease sites such as atheroscle-
rotic plaques.'” Liquid-core protein microspheres have been
modified for OCT imaging by incorporating gold, carbon, and
melanin nanoparticles into their shells to increase optical
scalttering.88 These provide positive contrast in OCT and have
been demonstrated in a mouse liver after injection in the tail
vein.®® In a related study, an RGD tripeptide was attached to
the surface of protein microspheres via electrostatic layer-by-
layer adhesion, and specificity to human colon tumor cells
was demonstrated in vitro."” Another promising class of con-
trast agents includes silica-core gold-shelled particles, known
as nanoshells, which exploit the surface-plasmon resonance
property of gold.'” Nanoshells 340 nm in diameter exhibit
large backscattering efficiencies, which provide significant
OCT contrast in tissue phantoms at concentrations near
10°/mL.""

Smaller nanoparticles and molecules (<100 nm) have in-
creased capacity to extravasate and thereby access tissue tar-
gets outside of the vasculature.'”” Fundamentally, the OCT
attenuation due to these smaller contrast agents is dominated
by absorption, not scattering. This is beneficial for photother-
mal therapy, where heat generated by light absorption kills
targeted cells using light intensities significantly greater than
those used for OCT imaging. This concept was demonstrated
using nanoshells having an optical absorption peak at
820 nm. The nanoshells have been targeted to human breast
cancer cells in vitro using an anti-HER2 antibody, and have
also been shown to decrease tumor load in mice in vivo.'”®

Other types of gold plasmon-resonant structures have been
investigated for imaging and therapy. Nanocages, which con-
sist of 37-nm hollowed-out gold cubes, have been detected in
tissue phantoms at 1-nM concentrations using OCT, and have
also been coated with anti-HER?2 antibodies for targeted im-
aging in vitro."” Nanorods of gold (15X 45 nm in size) also
provide absorption-based OCT contrast, and have been de-
tected in 2% intralipid tissue phantoms at 30 ppm using an
albedo-based detection algorithm."™ Gold nanorods have also
been used in photothermal therapy applications, and have
been targeted to malignant cell lines using anti-EGFR
antibodies."'®'

4.1.2 Spectroscopic contrast

Spectroscopic OCT signal analysis was first demonstrated for
detection of optical absorption by melanin in an African frog
tadpole,182 and more recently has been applied to the assess-
ment of blood oxygen saturation.'® It is also possible to use
endogenous spectroscopic OCT signals to determine the size
and density of scatterers using Mie theory.184 One promising
application is nuclear size measurement for the detection of
dysplastic changes in the esophagus, as demonstrated using
angle-resolved low-coherence interferometry, a related
technique.133 Also, spectroscopic contrast and associated algo-
rithms are required to augment traditional OCT scatterer siz-
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Fig. 9 Magnetomotive OCT images of freshly excised carcinogen-
induced rat mammary tumor. Red displays the standard OCT image
and green indicates magnetomotion. The left image is of control tu-
mor tissue without nanoparticles. The right image is of tumor after
injection with iron-oxide nanoparticles. Nanoparticles courtesy of
Wuang and Pack (University of Illinois at Urbana-Champaign), im-
ages by Oldenburg and Boppart.

ing methods that are affected by multiple scatterers and varia-
tions in their size and density.'85 To this end, the spectroscopic
OCT scattering and absorption signals, which are inherently
coupled, may be separated using least-squares computational
methods."®

Spectroscopic OCT has also been extensively explored for
molecular imaging using contrast agents with well-
characterized absorption or scattering signatures. Near-
infrared dyes, including the FDA-approved agent indocyanine
green,95 have been used to provide absorption in specific spec-
tral regions of interest.” A related principle is utilized for the
detection of plasmon-resonant nanoparticles, which have a
tunable absorption band that is ideally designed to absorb in a
spectral region that is off-center with respect to the incident
light.]87 This principle could potentially be used to track pho-
todynamic therapy dyes during treatment, a concept that was
recently demonstrated in tissue phantoms.'™®

4.1.3 Magnetomotive agents

Magnetic iron oxide nanoparticles are used as magnetic reso-
nance imaging (MRI) contrast agents in humans, and are
clinically useful for the detection of metastatic lymph
nodes.'®’ These nanoparticles may also be detected optically
with high spatial resolution by perturbing them with an exter-
nally applied magnetic field gradient. The resulting
nanometer-scale displacements (magnetomotion) give rise to
light scattering changes observable with OCT (Fig. 9).”° Mag-
netomotive OCT benefits from background rejection that is
possible because of the correlation between scattering
changes and field excitation. These techniques have been used
to differentiate magnetically labeled from nonlabeled cells
within 3-D scaffolds,90 and to detect nanoparticles inside a
living Xenopus laevis African frog tadpole'” using a mag-
netic field modulated at 10 Hz. Because smaller imaging vol-
umes are used in OCT than in MRI, the electromagnets are
more compact and portable. Erythrocyte magnetomotion has
also been detected in extracted blood using Doppler analysis
of OCT signals, yielding a potential application to blood flow
imaging.'"!
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The ability to label magnetic iron oxide agents with anti-
bodies or proteins to target diseased cells is an active area of
interest.'”” Passive uptake models are also promising for tar-
geting disease, such as exclusion by lymph node metastases'®’
and endocytosis by macrophages in atherosclerotic plaques.193
Coupling whole-body MRI or ultrasound imaginglg4 with
high-resolution magnetomotive OCT may become a powerful
new tool for drug development for molecular imaging of
nanoparticle uptake. Magnetic iron oxides also have potential
therapeutic applications using hyperthermic therapy tech-
niques, where magnetic fields are modulated at high frequen-
cies (>100 kHz) to induce local heating.]95

4.1.4 Pump probe and Raman

Molecular specificity may also be achieved using multiple
light pulses or spectral wavelengths to probe the electronic or
vibrational states of specific molecules. Coupling these tech-
niques with interferometric imaging further increases the
signal-to-noise ratio of such imaging. In pump-probe OCT, a
pump pulse tuned to an electronic transition places a molecule
into an excited state. A probe pulse monitors either the popu-
lation transferred into the excited state, or its transient relax-
ation to an intermediate or ground state, which can be accom-
plished by several different methods.'”® In one study, the
transient absorption of methylene blue dye was imaged using
differential measurement of the OCT signal.91 In another, the
plant protein phytochrome A, which exhibits a switchable ab-
sorption maximum, was imaged using a two-color pump-
probe method.”* A technique not requiring two colors (and
thus two light sources) has been implemented by monitoring
ground-state recovery with a probe at the same wavelength as
the pump.197 Using this method, chromophores have been im-
aged within zebra fish, and differentiation of multiple chro-
mophores such as hemoglobin and dyes has been
demonstrated."”’

Another promising technique for imaging endogenous
molecules is coherent anti-Stokes Raman scattering (CARS).
This is a four-wave mixing technique where three incident
photons (two pump and one probe) mix to produce a fourth
anti-Stokes photon. The anti-Stokes response is resonant if the
pump/probe energy difference is equal to the vibrational en-
ergy level spacing. Thus, CARS measures molecules based on
their vibrational bands, providing vibrational contrast in mi-
croscopy experiments.198 Because CARS is a coherent pro-
cess, it can be used for interferometric depth-resolved imag-
ing, a technique known as nonlinear interferometric
vibrational imaging (NIVI).89 An important benefit of inter-
ferometric CARS is the ability to separate resonant and non-
resonant signals, resulting in high molecular speciﬁcity.199’200
To date, specificity to C-H vibrations in lipids has been dem-
onstrated using in-vitro cell models”” and in thicker con-
structs such as lipid-rich tissues.*

Although significant development will be necessary prior
to translation of these techniques into the clinic, they exhibit
great promise for noninvasive, endogenous molecular imag-

ing.

4.2 Computational Techniques

Ongoing improvements to the instrumentation and signal pro-
cessing used for OCT imaging continue to enhance acquisi-
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tion speed and image fidelity. To maximize clinical utility,
OCT instruments will need to provide real-time*"> " imagery
of 2-D slices and 3-D volumes. SD-OCT*"*"*"” has greatly
increased the quality and acquisition speed of OCT images by
increasing the signal-to-noise ratio™”*** of acquired data.
Swept-source imagingm"227 greatly simplifies OCT instru-
mentation by scanning the wavelength of a rapidly tunable
laser rather than using a broadband source such as a mode-
locked laser or superluminescent diode. Recent advances such
as Fourier-domain mode lockingzz&229 are able to scan the
wavelength hundreds of thousands of times per second, po-
tentially providing video-rate imaging of 3-D volumes. A new
method to scan the wavelength millions of times per second”’
has been demonstrated by sweeping the wavelength of every
pulse produced by a supercontinuum laser source. With suffi-
cient source power, this technique has the potential to sample
billions of volume elements per second.

Such rapid data acquisition will require very fast signal
processing to compute images from the data. Digital signal
processing (DSP) has been incorporated into some OCT in-
strumentation to provide this capability.”' >** Although ana-
log electronics can be used for envelope detection to display
structural images, Doppler OCT, one of the most important
DSP applications in early OCT imaging,m_237 requires phase-
resolved imaging to capture flow-dependent time-varying
phase data. With the advent of SD and SS-OCT, methods that
require Fourier data analysis, DSP has become essential to
modern OCT imaging. The well-demonstrated advantages of
these methods over time-domain OCT will likely result in
universal adoption of DSP techniques in OCT instruments.
Finally, DSP-enabled 3-D computer graphics
visualization*** can be employed to allow dynamic visual-
ization of tissues along arbitrary surfaces and planes, not just
those that are biopsied and sectioned.

Computed imaging methods similar to those employed in
x-ray computed tomography and magnetic resonance imaging
are being increasingly employed for OCT to overcome OCT
instrument limitations. As in conventional microscopy, OCT
systems typically use objective lenses to focus light at a fixed
depth in the tissue, causing features outside the focal volume
to be poorly resolved. However, unlike traditional micros-
copy, OCT measures phase-resolved signals that can be
used*® to computationally image the out-of-focus features.
This technique, called Interferometric Synthetic Aperture
Microscopy*** (ISAM), allows the out-of-focus features to be
inferred from the phase information without scanning the fo-
cus. It can be implemented for both low and high**> numerical
aperture OCT imaging, rotationally scanned catheters used for
endoscopy,246 and full-field illumination microscopes.247

4.3 Source Development

The performance of OCT systems has been dramatically im-
proved over the last decade by technological light source ad-
vances, and future enhancements in acquisition speed and im-
aging resolution are on the horizon. The axial resolution in an
OCT image is inversely proportional to the bandwidth of the
light source, and the sensitivity is proportional to the optical
power. Thus, broadband light sources with high optical power
are required for OCT imaging.”*® Additionally, optimal OCT
imaging wavelengths are in the near-infrared spectral region
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at approximately 700 to 1500 nm, where there is minimal
light absorption by biological tissues. Simple broadband
sources such as tungsten or xenon lamps can be used to pro-
vide hundreds of nanometers of bandwidth, but are limited by
low fluence that significantly limits the single-mode coupled
power needed for interferometric imaging.**** Pulsed lamp
sources can, however, be used with full-field OCT systems to
obtain ultrahigh resolution, real-time images.”' Other sponta-
neous emission sources such as semiconductor optical ampli-
fiers (SOAs),219 superluminescent diodes,”*** and diode-
pumped NIR gain media®**’ are typically inexpensive and
commercially available.

Ultrashort pulse mode-locked lasers are also widely used
for OCT imaging. The most common is the Ti:sapphire laser,
centered near 800 nm with bandwidths ranging from
150 to 350 nm,ZS(”257 with turnkey commercial sources
available.”® Future sources under investigation include low-
cost mode-locked Ti:sapphire lasers with lower pump power
requirements,” or lasers that can be directly diode
pumped.260‘261 Because ultrashort pulses have extremely high
peak powers, they cause nonlinear interactions such as self-
phase modulation, thereby broadening the optical bandwidth
(also known as supercontinuum generation). This is extremely
convenient for enhancing the resolution of OCT systems,
since supercontinua, which are typically obtained by focusing
laser light into a single-mode silica fiber, can be generated in
the same fiber used for beam delivery.202’206’261_266 Microstruc-
tured fibers, also known as photonic crystal fibers, are de-
signed with anomalous dispersion characteristics that increase
the interaction length of light pulses for more efficient super-
continuum generation,”®’ and have been used for in-vivo OCT
imaging,”® producing bandwidths over 300 nm and nomi-
nally tens of milliwatts of output powelr.%g’274 Several nonlin-
ear processes involved in this supercontinuum generation,
however, may exhibit greater noise in comparison to the self-
phase modulation in silica fibers. 2052

Fourier-domain OCT systems may also employ frequency-
swept light sources,”>** which have sensitivity advantages
over time-domain OCT systems,224’275 and enable high-speed
imaging that reduces motion artifacts during in-vivo
imaging.””® Most swept-source systems are based on SOAs
operating with a center wavelength near 1300 nm,*”*"727
although shorter wavelengths have recently become
available.™®** Fourier-domain mode-locking sources syn-
chronize the wavelength sweep with the laser cavity roundtrip
time, permitting exceptionally high sweep rates (>200 kHz)
for real-time imaging.”****

5 Conclusion

This work has given an overview of the development of OCT,
the current state of research and commercial development,
and the future of clinical OCT imaging. The development of
advanced OCT source, beam delivery, and detection technolo-
gies has driven investigations into a wide array of clinical
applications in the fields of ophthalmology, cardiology, and
oncology, among many others. As new technological ad-
vances are made to enhance contrast, provide molecular sen-
sitivity, enhance image features, and speed image acquisition,
new OCT applications will certainly be enabled. The future of
OCT will continue to benefit from and be strengthened by the
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translational research of moving technology from the bench to
the bedside, and back again.
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