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Abstract

Optical coherence tomography has emerged as valuable imaging modalityin ophthalmology and
other fields by enabling high-resolution three-dimensional imaging of tissue. In this paper, we
review recent progress in the field of contrast-enhanced optical coherence tomography (OCT). We
discuss exogenous and endogenous sources of OCT contrast, focusing on their use with standard
OCT systems as well as emerging OCT-based imaging modalities. We include advances in the
processing of OCT data that generate improved tissue contrast, including spectroscopic OCT
(SOCT), as well as work utilizing secondary light sources and/or detection mechanisms to create
and detect enhanced contrast, including photothermal OCT (PTOCT) and photoacoustic OCT
(PAOCT). Finally, we conclude with a discussion of the translational potential of these
developments as well as barriers to their clinical use.

Introduction

Since its development in the early 90s [1], optical coherence tomography (OCT) has
emerged as an important imaging modality for clinicians and researchers. OCT is clinically
applied primarily in the field of ophthalmology, where it offers unparalleled resolution of
retinal structure and valuable information about eye disease in vivo, though its scope of
application will likely expand in the future [2]. For preclinical and emerging clinical
applications, it has been used to imagethe lumen of large vessels to characterize plaque
formation and arterial disease, skin lesions to determine the extent of cancerous invasion and
lymph nodes for detection and staging of cancer metastasis [3-7].

While all OCT systems ultimately rely on the interference of coherent light reflected from
sample tissues to generate their image, usually with axial resolutions of 2-10 microns, the
particular set-up and processing algorithms may vary significantly. Most OCT systems can
also image blood flow in vivo utilizing its Doppler shift, the change in frequency of a wave
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detected by a stationary observer when it is emittedfrom a moving source. In the case of
OCT, since blood is moving through the tissue being observed, it creates a detectable shift in
the frequency of the light received by the OCT system that is interpreted as blood flow [8,9].
The most common OCT systems used in research are the newer spectral-domain OCT (SD-
OCT), which allow for much faster image acquisition at improved resolutions relative
toprevious generation time-domain (TD-OCT) systems. The development of ultrahigh-
resolution OCT systems promises to improve image quality even further, allowing for a
potential axial resolution of 1 micron [10]. This improved resolution combined with a low
image acquisition time will further cement the role of OCT as a valuable imaging modality.

Design of Contrast Agents for OCT

As in Computed Tomography (CT) and Magnetic Resonance Imaging (MRI), contrast
agents have been designed to allow OCT systems to image disease biomarkers and further
elucidate vascular and tissue morphology for enhanced diagnostic capabilities [7,11].
However, despite OCT's widespread use and broad applicability to clinically important
diseases, there are no OCT contrast agents approved for use in human patients, and thus
there are no clinical approaches to image disease biomarkers using this technology, although
tissue and vascular architecture can be imaged very well with OCT without the need for
exogenously-administered contrast agents. OCT systems generateimages by contrasting the
reflectivity of tissues with their surroundings. Unfortunately, this technique cannot readily
distinguish cells with similar reflectivity in close proximity to one another, creating the need
for cell-marker-specific contrast agents. Researchers generally pursue this goal by attaching
“homing beacons,” including antibodies or small peptides that allow for concentration of
contrast agents on the surface of relevant cells [12]. In this fashion, researchers aim not only
to improve contrast in OCT images of healthy tissues, but also to allow the system to image
disease states based on the expression of endogenous tissue biomarkers. Such an agent
would be useful for both researchers and clinicians because, combined with the high
resolution of OCT imaging, contrast could offer imaging of disease states with unparalleled
cell-level clarity in vivo.

Design Principles of OCT Contrast Agents

To address this need, targeted and passive (e.g. blood pooling agent) OCT contrast agents
are currently being developed. The most commonly studied OCT contrast agents are gold
nanoparticles, particularly gold nanorods (GNRs). GNR contrast is generated by tuning their
surface plasmon resonance (SPR) frequency to the same wavelength of light emitted and
interpreted by OCT systems [13]. Specifically, the SPR of a gold nanoparticle causes it to
interact with light at that frequency, principally by absorbing it, although there are scattering
effects as well. Combined with surface-immobilized targeting ligands to localize the
particles to diseased cells of interest, these particles can be designed to offer molecularly
targeted contrast for OCT systems. Generally, targeting ligands take the form of antibodies,
receptors, or peptidesattached to the surface of gold nanoparticles [14-16]. Nanoparticle-
ligand bonds often involve an intermediate such as polyethylene glycol, with the general
goal being maintenance of nanoparticle biocompatibility while also concentrating the
nanoparticle in tissue with a specific surface marker [15]. This approach has been
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successfully used to target nanoparticles tomultiple tissue types [16,17].While gold is
considered highly biocompatible, there have been concerns raised regarding the safety
profile of GNRs, as early experimentation with their use in vivo generated considerable
immune responses [12]. More recent work, however, has shown that GNR toxicity can be
largely nullified by altering the composition of the molecules on their surface. In particular,
cetyltrimethylammonium bromide (CTAB), a surface coating left on GNRs after their
production, must be removed for the nanorods to avoid generating a strong immune
response [18,19]. Other gold nanoparticles are being explored for their unique optical
properties, notably nanocages and stellate gold nanostructures, though these particles present
a greater challenge when attempting to modify their native absorption frequencies [20].
Other designs for OCT contrast agents being researched at an early stage include
polystyrene (i.e. latex) microspheres, carbon nanotubes, dyes, and iron oxides [21-24].

Because most of the contrast agents mentioned previously interact with light at the
frequencies used in OCT systems, they can, when appropriately targeted, act as contrast
agents without further modification to the particles or the method of interpreting the data
acquired by the OCT system. However, several new techniques are being studied to further
improve detection of the signal generated by these contrast agents. The simplest of these to
implement is spectroscopic OCT (SOCT), which analyzes the data generated by OCT
systems for any shifts in light reflectivity across the range of wavelengths interpreted by an
OCT system. These shifts can generate a type of natural s unevenly, they can theoretically
be detected as exogenous contrast agents in this imagipectroscopic contrast in tissues
[25,26]. Because GNRs affect the absorption of light across these wavelengths ng modality.
The major drawback of SOCT imaging is that it requires a tissue-specific analysis of raw
OCT data that is not supported by most commercially available imaging systems. However,
once contrast agents for a given tissue, for example the retina, have been designed and tested
with SOCT, the software used to analyze the data can be easily distributed, and likely
included in commercial OCT systems in the future.

Several “active contrast” techniques are being studied for use with OCT systems. These
require an additional light source, but offer the potential advantage of an increased signal-to-
background ratio of the relevant contrast agents in tissue. These techniques are
photoacoustic OCT (PAOCT) [27], photothermal OCT (PTOCT) [28,29], and pump-probe
OCT (PPOCT) [16]. Photoacoustic OCT relies on the photoacoustic effect, the emission of
sound waves by certain particles after they have absorbed energy at a certain wavelength.
This emitted sound can be measured by additional instrumentation and allows for
localization of contrast agents overlaid on traditional OCT images [27]. Similarly,
photothermal OCT relies on the ability of some particles to heat their surroundings when
they absorb light at certain wavelengths. This localized tissue heating causes a shine in the
index of refraction of the surrounding tissue that can be detected due to its effect on the path
length of the light detected by an OCT machine [30]. Both of these techniques require a
second light source in addition to the OCT source to generate the desired effect in the
contrast agent. PAOCT also requires a way to measure the generated acoustic signal, while
the thermal effect in PTOCT can be extracted from data collected by OCT systems without
additional measurement instrumentation, though it does require analysis that isn't natively
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supported by commercial systems, similar to SOCT. PTOCT has been used to show contrast
in mammalian tissue in vivo using GNRs, while PAOCT relies on endogenous contrast from
hemoglobin in the vasculature [27-29]. The pump-probe method detects dyes, notably
indocyanine green (ICG) by acquiring an OCT image, photobleaching the dye with a second
light source, and reacquiring the image [23]. These approaches all have major problems with
clinical applicability. In all three systems, an additional light source is required, and these
sources are not standard on most OCT systems, limiting the likelihood of these methods of
imaging contrast being widely adopted. Additionally, the requirement of a second measuring
instrument with PAOCT currently prohibits in vivo imaging of many tissues, although it has
been used for study of skin lesions (Figure 1).

One newer method of imaging contrast agents with OCT systems, magneto-motive OCT
(MMOCT), uses the magnetic properties of functionalized iron oxide probes to detect the
probes’ mation in an externally applied magnetic field [24,31]. This has shown some utility
in looking at certain tumor models, but is hindered in its clinical applicability by its
requiring an external magnetic field.

The future for OCT contrast agents in clinical applications is promising. Since researchers
are already able to image GNR contrast agents natively using commercially available OCT
systems, they will continue to be prominent in translational research in this field and will
likely constitute the first line of clinically available OCT contrast agents, provided that their
toxicity concerns are alleviated. Critical barriers to translation will involve demonstrations
in patients that contrast agent-guided OCT is capable of earlier detection of diseases
compared to conventional imaging methods, as well as achievement of high signal to noise
ratios to minimize false positives in diagnostic imaging.
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Figure 1.
This figure shows images captured using a PTOCT system, demonstrating the utility of

GNRs as exogenous contrast agents in a mouse ear in vivo. (a) The PTOCT signal (shown in
green) generated by Matrigel injected into a mouse ear as a control, (b) is overlaid on an
OCT image of the same tissue, with red and blue coloration representing Doppler signals.
(c) The PTOCT signal generated by 400pM GNR in Matrigel after injection into a mouse
ear (d) overlaid on an OCT image of the same. Reproduced with permission from Tucker-
Schwartz et al. [22].
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