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Abstract Intravascular optical coherence tomography
(IVOCT) has made significant clinical impact, providing a
method of visualizing coronary plaques, optimizing percuta-
neous coronary intervention, and monitoring treatment results.
Achieving cellular resolution in cardiovascular optical coher-
ence tomography (OCT) adds even greater utility; thin-cap
fibroatheromas (TCFA) that include microcalcifications, cho-
lesterol crystals, and macrophages are hypothesized to corre-
late with rupture potential, yet are too small to be imaged by
conventional OCT. In this review, we survey new develop-
ments in the optical technology that may contribute to the
advancement of IVOCT into the microscopic domain, includ-
ing new light sources and optical configurations. We also
describe recent progress in micro-OCT (nOCT), a high-
resolution OCT implementation developed in our laboratory
that utilizes many of these advances to achieve 1-pum
resolution.
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Introduction

Optical coherence tomography (OCT) [1] has made a signif-
icant impact on cardiovascular imaging since its first demon-
stration in human patients over a decade ago [2, 3]. By
offering resolution on the 10 um scale, an order of magnitude
improvement over intravascular ultrasound (IVUS), intravas-
cular OCT (IVOCT) provides microscopic representations of
the coronary features most relevant to the determination of
their pathology. For example, [IVOCT enables a detailed as-
sessment of the atherosclerotic plaques thought to give rise to
coronary events in vivo, including thin-cap fibroatheroma
(TCFA), erosions, and superficial nodular calcifications [4].
In addition, IVOCT can be used to evaluate vessel healing
after stent implantation, visualizing neointimal tissue covering
polymer-coated or bare metallic struts [5, 6], which has been
reported to be a predictor of late coronary events such as stent
thrombosis and late stent failure [7]. IVOCT has also been
extensively used in multiple clinical trials to assess the effica-
cy of novel atherosclerosis therapies [8, 9, 10¢]. Today, it is
being used frequently for the optimization of percutaneous
coronary intervention (PCI), including guiding cardiologists
to determine optimal stent placement in complex cases (such
as bifurcation interventions [11¢]) and for selecting better
intervention parameters prior to intervention to lessen the risk
of stent restenosis and thrombosis following implantation
[12].

As we move toward the next generation of interventional
cardiology, we now realize that we may need to be able to
visualize individual cells in order to truly study atherosclero-
sis, make the most accurate diagnoses, and understand the
pathobiological responses to implanted devices. For example,
1 major issue over the past decade has been the rare but
devastating risk of developing late stent thrombosis (LST)
following drug-eluting stent implantation [10°].
Histopathologic studies of patients who died of LST showed
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that the single most important factor that governed this risk
was coverage of the stent struts by at least a single endothelial
layer [7]. If there was an imaging device that could truly assess
strut coverage at this level of detail, then it could be used to
manage dual-anti-platelet therapy in patients who are at risk
for bleeding complications. Since endothelial cells are at most
2 um thick, conventional IVOCT, with its resolution of
10 um, cannot make this assessment. We must instead have
OCT with resolution in the 1-2 wm range.

Another example where higher resolution intravascular
imaging could be an advantage is improved identification of
vulnerable plaque that by definition will go on to cause a
coronary event. Histopathology studies have taught us that
the main type of vulnerable plaque is a thin-capped
fibroatheroma, comprising a thin (<65 pm), collagen-rich
cap that overlies a necrotic lipid core [13]. Even though this
definition of vulnerable is well established, it must not be
complete because evidence from multiple imaging and autop-
sy studies show that patients may have many such plaques that
never cause a coronary event [14]. Hypotheses exist that
attempt to refine which TCFA actually do go on to rupture,
including the presence of cap micro-calcifications [15], cho-
lesterol crystals [16], and activated macrophages [17], but
these entities cannot be visualized by conventional OCT. So,
if we are to be able to someday have the best chance to predict
which coronary plaques will progress to culprit lesions, we
will likely need 1-2 pm subcellular resolution to do so.

Unfortunately, the resolution of OCT lags that of conven-
tional optical techniques because of a “catch-22” that forces a
trade-off in resolution and field-of-view. In microscopy, the
angle of convergence of light determines numerical aperture
(NA). In conventional microscopes, a high NA is unequivo-
cally desirable, because a high NA generates a small focal
spot, well-confined both horizontally and vertically, which
translates to high resolution, both laterally and axially.
However, because OCT is a depth-ranging modality, the ideal
focus would be narrow laterally but as long and deep as
possible to capture a long field of view. NA is not relevant
to OCT depth resolution, which comes from the coherence
properties of the light source, not from the shape of the focus.
Unfortunately, these 2 requirements are at odds with one
another, because a high NA is needed for good lateral resolu-
tion, but a low NA is needed to produce a reasonably long
depth of focus. Most OCT systems strike a balance more in
favor of the depth of focus, which is necessary to image the
diverse morphology and lumen diameters that may be encoun-
tered in the coronaries, especially in diseased arteries. Figure 1
shows the beam profiles generated by high NA and low NA
optics, demonstrating the trade-off necessary to achieve rea-
sonable field-of-view in the axial direction.

Clinical cardiovascular OCT has shifted in favor of
Fourier-Domain OCT (FD-OCT), in place of the former stan-
dard Time-Domain OCT (TD-OCT) owing to its tremendous
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Fig. 1 Beam profiles illustrating lateral resolution and depth-of-focus
trade-off in OCT. Left, high NA focus generating 4 um diameter beam but
depth-of-focus is only 19 um. Right, low NA focus generating 30 um
diameter beam and depth-of-focus is 0.5 mm

gain in scanning speed, a critical feature when imaging a small
space under constant motion. There are 2 incarnations of FD-
OCT, both of which operate by measuring the spectrum of
broadband OCT interference. Swept-source OCT (SS-OCT),
also known as Optical Frequency Domain Imaging (OFDI),
uses a narrow band laser that changes the wavelength of its
emission over time, and, thus, allows a spectrum to be mea-
sured as a function of time [18, 19]. Spectral-domain OCT
(SD-OCT) employs a light source that emits all wavelengths
at a time, and a spectrometer is used to measure the spectrum
[20]. Of these 2 forms, SS-OCT/OFDI is the predominant
version used in cardiovascular settings, since the type of
detectors used in SS-OCT/OFDI tend to be faster and more
resistant to motion artifacts. Because all forms of OCT derive
axial resolution from the broadness of the illumination source,
the development of frequency sweeping lasers that cover a
wider range of wavelengths and new broadband coherent light
sources are beneficial to the resolution of SS-OCT/OFDI and
SD-OCT, respectively.

Resolution also scales with optical wavelength. Based pri-
marily on the availability of appropriate light sources and
detectors, OCT is dominated by 2 wavelength ranges:
800 nm and 1300 nm. Clinical cardiovascular OCT is per-
formed almost exclusively in the 1300 nm range, which
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confers many advantages including the ability to penetrate
deeply into tissue, but sacrifices resolution because of its
comparatively long wavelength.

This review will highlight recent technical efforts with the
potential to improve cardiovascular OCT resolution in 3 cat-
egories: (1) OCT-capable light sources at shorter wavelengths,
(2) new super-broadband OCT light sources, and (3) solving
the resolution/field-of-view dilemma. Finally, we will discuss
technique progress on micro-OCT (LOCT), a technical re-
cently developed in the authors’ laboratory which utilizes all 3
categories to achieve 2 pm lateral and 1 um axial resolution.

OCT Light Sources Emitting Wavelengths Shorter than
1300 nm

Though there are many compelling reasons to choose the
1300 nm window for cardiovascular OCT, including better
penetration into the artery wall, the argument for the shorter
and higher resolution 800 nm band has been more or less
academic owing to the lack of swept source laser options in
the 800 nm range. The search has been limited to swept
sources because OFDI/SS-OCT has been traditionally pre-
ferred to SD-OCT for the high motion imaging environment
of the coronary arteries. This is due to superior resistance to a
type of motion artifact known as fringe washout, resulting
from relatively slow SD-OCT spectrometer cameras.

Several research groups have reported 800 nm swept laser
sources in the past several years. Lim et al utilized 800 nm
OFDI in 2006 [21] but a relatively small bandwidth limited
the resolution to 10 um. Srinivasan et al later demonstrated a
850 nm swept source with 7 um resolution for ophthalmic
OCT [22]. However, there has been no widespread adoption
of 800 nm swept sources for cardiovascular OCT, as the
reduced bandwidths of these sources result in only marginal
improvements in resolution, which is not compelling enough
to offset the disadvantages of 800 nm.

The 1000 nm (1 pwm) wavelength range has also been
developed for ophthalmic OCT. This spectral region is largely
unexplored for cardiovascular imaging, though it likely rep-
resents a compromise between the higher resolution at 800 nm
and the improved penetration of 1300 nm.

E. Lee et al reported a 1060 nm OFDI system for choroid
imaging [23]. A 1050 nm swept laser has also been produced
by Axsun Technologies (Billerica, MA) was used by Potsaid
et al [24] to achieve 5.3 wm axial resolution. S. Lee et al have
also developed a 1020 nm scanning system with 2.9 um
resolution, with an example of in vivo ultrahigh-resolution
retinal imaging [25].

It is also possible to convert pulsed light, which inherently
contains many spectral components, into a swept-source-like
chirped pulse by sending the pulse through a length of optical
fiber that exhibits dispersion [26]. The fiber will slow the

wavelengths in the pulse by differing amounts, thus approxi-
mating swept-source laser output. However, such a configura-
tion has drawbacks, such as a requirement for very long dis-
persive fibers (several kilometers) and a very low spectral noise
pulsed laser [27], both of which limit clinical applicability.
Though conventional wisdom favors SS-OCT/OFDI, much
faster array detectors are available today than at the inception of
cardiovascular OCT, reducing the impact of fringe washout and
opening the door for SD-OCT in cardiovascular applications
and enabling a much broader class of lasers and other broad-
band sources to be considered, including those near 800 nm.
Many of these will be discussed in the following section.

Ultra-Broadband OCT Sources

There are several classes of broadband light sources undergo-
ing continuous development with important impacts on OCT.
We will review 3: pulsed lasers, supercontinuum lasers, and
swept sources.

Lasers generating extremely short pulses on a femtosecond
time scale are also inherently broadband. Titanium sapphire
lasers, whose short and intense pulses are convenient for
nonlinear microscopies, have also been used for high-
resolution OCT [28, 29]. Ti:sapphire lasers optimized specif-
ically for spectral breadth have been produced with 400 nm
bandwidths [30], but high cost and limited portability of these
sources have likely prevented clinical application.

An entirely new branch of sources, supercontinuum lasers,
produce spectra that are astonishingly broad. These lasers are
commonly called “white-light lasers” because of their multi-
spectral nature, but their output often stretches far into the
infrared. Supercontinuum lasers utilize a specialized fiber that
causes pulsed light to broaden spectrally as it propagates. The
earliest examples were too noisy for OCT imaging, but several
groups developed homemade supercontinuum lasers for OCT
[31-33] about a decade ago. New commercial sources from
manufacturers such as Fianium (Southampton, England, UK)
[34, 35] and NKT Photonics (Birkerod, Denmark) [36, 37]
have proven to be turnkey solutions with suitably low laser
noise for high-sensitivity OCT applications.

Development is also ongoing to extend the bandwidth of
tunable wavelength-swept lasers of the type currently used in
OFDI/SS-OCT systems. A tunable laser’s bandwidth is usu-
ally limited by the semiconductor amplifier, which essentially
stores photons in the form of electronic energy, ready to emit
as laser radiation. Typical amplifiers in current OFDI/SS-OCT
systems operate within about a 100 nm breadth centered near
1300 nm. To extend this bandwidth, Jeon et al [38] introduced
a system using 2 semiconductor gain components to achieve
160 nm spectral width, giving an OFDI resolution of 4.7 um
in tissue. Jang et al more recently extended the dual amplifier
approach to produce a swept laser source with 210 nm tuning
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range [39]. The wavelengths and bandwidths of these recently
developed swept sources are listed in Table 1.

Resolving the Depth of Field Dilemma

With the potential to improve axial resolution an order of
magnitude to submicron levels by the use of high bandwidth
sources, a parallel gain in the lateral direction is needed to
achieve high resolution OCT. The limiting factor in cardio-
vascular OCT lateral resolution is typically the design choice
of low NA optics to generate a long field of view to cope with
the diverse vessel morphologies that may be encountered.
Nonstandard beam geometries can alleviate the tradeoff be-
tween depth of field and lateral resolution, a few of which will
be explored below.

One such method is to use a Bessel beam shape. In contrast
to a standard beam in which light covering the entire objective
lens is focused to a single position, a Bessel beam is formed by
a cone-shaped lens (axicon) resulting in foci at a range of axial
positions. OCT has been implemented with Bessel beams [40,
41] that demonstrated improved depth of focus at relatively
high NAs, and endoscopic probes have also been successfully
fabricated with Bessel optics [42, 43]. Figure 2, reprinted from
[41], illustrates the degree to which Bessel optics can preserve
high resolution over an extended depth of field. However,
Bessel beam OCT images are hindered by the presence of
side-lobe artifacts, spurious ring-like features that surround
point objects. The side-lobes are deleterious to image inter-
pretation and also reduce the power contained in the main
focus, limiting sensitivity. A phase pattern that delays light in
ring patterns has also been shown to enhance depth of focus
without sacrificing as much sensitivity [44].

Another recently reported approach known as
Interferometric Synthetic Aperture Microscopy (ISAM) uti-
lizes image information from multiple columns to computa-
tionally “refocus” the OCT system to arbitrary positions [45].
However, because ISAM requires imaging data from multiple
scan positions, a high degree of stability is required. ISAM is

relatively slow because of its computational intensity, though
algorithm optimizations have greatly improved its speed [46].
ISAM has now been demonstrated in vivo for dermatology
[47], and following the current trajectory of computational
power, may soon be robust enough for the even higher motion
environment of the coronary arteries, though miniaturization
of the ISAM components will remain a significant challenge.

A method of using multiple apertures that can be
recombined in-phase to virtually refocus has also been recent-
ly demonstrated [48]. This technique requires minimal addi-
tionally processing and does not require integrated data from
multiple scan positions. The multiple apertures can be
multiplexed into a single device, and thus, is amenable to
development as a catheter probe.

Micro-OCT: 1-um Axial, 2-um Lateral Resolution OCT

Our laboratory has developed an implementation of OCT that
integrates elements of all 3 of the above-described resolution
enhancement strategies, using light centered at 800 nm with
extreme breadth from a supercontinuum laser combined with
an aperture shape that enhances the axial depth of scan. We
have termed this technology Micro-OCT (nLOCT).

The means by which the enhanced spectrum from our
supercontinuum source improves resolution has already been
described above. Various iterations have used lasers from both
NKT Photonics A/S and Fianium Ltd. pOCT is configured as
a SD-OCT, using a spectrometer to measure the OCT inter-
ferogram. The silicon-based spectrometer detector limits
pOCT detection to 1000 nm and below, though the output
of the supercontinuum sources extends to 1800 nm and
beyond.

The NA of pOCT is high for OCT (NA =0.12). The depth-
of-focus enhancing component is achieved by introducing a
circular obscuration that blocks the center of the OCT illumi-
nation beam such that the remaining light is a hollow annular
shape. This geometry can be considered a blend between
normal optics and the depth-of-focus enhancing Bessel

Table 1 List of recently devel-

Axial resolution/coherence Date Authors/vendor

length (um in water/tissue)

oped swept laser sources with Center wavelength Bandwidth
resolution <10 pm (nm) (nm)

850 35

1060 62

1060 ~100

1300 136.5

1020 121.5

1270 210

6.8 2007 Srinivasan et al [22]

6.0 2006 E. Lee et al [23]

53 2010 Potsaid et al [24]/Axsun
Technologies

4.7 2008 Jeon et al [38]

29 2011 S. Lee et al [25]

4.5 (reported)
2.8 (theoretical)

2013 Jang et al [39]
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Fig.2 Reprinted from Leitgeb et al [41]. OCT images of 1-pum beads as a
function of axial position, comparing conventional optics in which beads
away from focus are blurred (leff) and a Bessel-like beam geometry,
where high resolution is preserved =100 pm away from focus (right)

pattern, and its optical properties are likewise a mix: depth-of-
focus is increased substantially though not to the same degree
as a pure Bessel, and sidelobe artifacts and sensitivity loss are
also tempered. In pOCT the demonstrated lateral resolution is
2 um, axial resolution is 1 um, and depth-of-focus is approx-
imately 300 pm [49ee].

We have previously demonstrated ex vivo and in vitro
imaging using HOCT [49ee, 50]. Examples of pOCT imaging
appear in Fig. 3. Because of its subcellular resolution, pOCT
was able to observe endothelial pavementing, leukocytes,
thrombi (including platelets and fibrin) and foam cells in
human cadaver coronaries. Plaques were imaged with suffi-
cient detail to visualize microcalcifications and individual
cholesterol crystals (Fig. 4). In particular, macrophages and
cholesterol crystals are below the resolution threshold of
current cardiovascular OCT, but theorized to play active roles
in atherogenesis [51].

The first generation of pOCT endoscopic probes is now
under development. The miniaturization of pfOCT is confronted
by 2 key technical challenges: (1) the annular beam shape must
be made by a novel element within the probe, and (2) dispersion
must be kept very low to preserve high axial resolution.

The annular beam shape, which is made by a 3 mm com-
ponent in the benchtop tOCT system, must be generated by a
much more compact arrangement for a catheter device. In the
prototype probe, a beam-splitter prism is coated with gold to
reflect light at a right angle toward the sample, but a circular
defect in the reflective coating is carefully applied at the
center. An annular beam is generated by light reflecting off
of the coated portion surrounding the defect.

The other difficulty is dispersion management. A mismatch
between the sample and reference arms in the material type or in
the amount of the same material can lead to dispersion, a
resolution-compromising result of different wavelengths of light
having traveled different distances. Typical 1300 nm OCT
tolerates sample/reference fiber length differences relatively well
because the glass is minimally dispersive at 1300 nm; so long as

Fig. 3 1-um axial/2-pum lateral resolution pOCT images of human
coronary tissue ex vivo. A, A macrophage (M®) is visible within a
plaque, including a dark center region, which may be the nucleus. B,
reprinted from [49+¢]. Foam cells (fc) infiltrate a necrotic core (nc)
fibroatheroma. C, spindle-shaped smooth muscle cells (sm).

the reference fiber is within a few millimeters in length as the
catheter fiber, OFDI imaging is not significantly degraded.
Unfortunately, pOCT is far more sensitive to dispersion. Glass

Fig. 4 pOCT images of cholesterol crystals. A, reprinted from [49ee].
Large necrotic core (nc) fibroatheroma, showing cholesterol crystals (cc),
scale bar =100 pm. B, Reprinted from [50]. Left, macrophage containing
a highly scattering inclusion that may be a cholesterol crystal. Right, 3D
rendering of macrophage highlighting a scattering inclusion in red
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Calcium

Fig. 5 Early pOCT probe development. A, 2 mm prototype projecting
annular pOCT beam geometry. B, partial fOCT scan of a human carotid
plaque, obtained ex vivo, showing arterial tissue measurements with
1 um resolution

dispersion is much stronger in the 800 nm region and is exac-
erbated by the very broad pOCT spectrum. Furthermore, be-
cause the resolution is high, even a small amount of blurring
caused by dispersion will erode pOCT image quality. To ensure
optimal balance between sample and reference arms, the refer-
ence is built within the pOCT probe itself to minimize the
difference in the path traveled by the 2 beams, which is known
as a common-path design [52]. Fortunately, the circularly
masked prism used to generate the annular pOCT beam is
highly amenable to a common-path configuration; the light that
strikes the uncoated center portion of the beam-splitter prism is
simply transmitted toward a reference reflector.

This first generation LOCT probe has been used in prelim-
inary validation experiments in swine airways [53]. Figure 5
shows an early prototype and image from an ex vivo artery.
Further development to miniaturize pfOCT technology to cor-
onary catheter sizes is ongoing.

Conclusions

The value of enhanced imaging resolution for intracoronary
OCT is clear; some of the most pressing questions in athero-
sclerosis research can be interrogated with an in vivo imaging
technology with subcellular resolution. This review has briefly
surveyed some of the latest technical developments that have
improved resolving power in other clinical fields including
dermatology and ophthalmology that have the potential to be
adapted to clinically feasible high-resolution intravascular
OCT. Shorter wavelength semiconductor-based swept lasers
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are amenable to clinical use in terms of portability and afford-
ability, and while their use in coronary imaging is largely
unexplored, the higher resolution compared to 1300 nm and
longer penetration compared to 800 nm seems to strike a
reasonable balance of imaging requirements. New ultra-
broadband laser sources offer improved axial resolution. In
particular, supercontinuum sources which formerly required
exotic laser setups that constrained them to research settings
are now available as portable turnkey solutions. Meanwhile,
new strategies for overcoming the depth-of-focus tradeoff also
promise better lateral resolution while preserving a reasonable
field of view. We have also summarized our lab’s pOCT
research, in which we have utilized new techniques on each
of these fronts to develop an endoscopic pOCT probe.
Future iterations of this technology will result in an
intracoronary catheter capable of imaging plaque microstruc-
ture at a resolution of 1 pm. This advance will fundamentally
change how we are able to see coronary artery disease, a
change that will bring us to the cells that initiate and propagate
this problem. With this level of detail, we will be able to
determine with confidence what plaques are likely to rupture,
what therapeutic strategies are most effective at mitigating
risk, and how individual patients respond to their treatment.
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