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Abstract: New optical imaging techniques that provide contrast to study
both the anatomy and composition of atherosclerotic plaques can be utilized
to better understand the formation, progression and clinical complications
of human coronary artery disease. We present a dual-modality fiber-based
optical imaging system for simultaneous microstructural and molecular
analysis of atherosclerotic plaques that combines optical coherence
tomography (OCT) and two-photon luminescence (TPL) imaging.
Experimental results from ex vivo human coronary arteries show that OCT
and TPL optical contrast in recorded OCT-TPL images is complimentary
and in agreement with histological analysis. Molecular composition (e.g.,
lipid and oxidized-LDL) detected by TPL imaging can be overlaid onto
plaque microstructure depicted by OCT, providing new opportunities for
atherosclerotic plaque identification and characterization.

©2015 Optical Society of America

OCIS codes: (110.4500) Optical coherence tomography; (190.1900) Diagnostic applications of
nonlinear optics; (190.4370) Nonlinear optics, fibers; (170.6280) Spectroscopy, fluorescence
and luminescence; (170.6935) Tissue characterization.
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1. Introduction

Cardiovascular disease takes a huge toll on our society and was responsible for at least 1 in
every 3 deaths in the United States in 2010 [1]. Atherosclerosis is an inflammatory disease,
progressing over time to the buildup of atherosclerotic plaques characterized by lipid
deposition and inflammation in the arterial wall. Atherosclerotic plaque is prone to rupture
and can induce clot formation, leading to stroke and acute myocardial infarction. Recent
advances in basic and experimental science have established a fundamental role that
underlying cellular and molecular mechanisms contribute to mechanical instability and
increased risk of plaque rupture and subsequent clinical complications [2—4]. These
mechanisms include infiltration and retention of low-density lipoprotein (LDL) [5,6],
recruitment of macrophages [7-9], a decrease in smooth muscle cells and collagen synthesis
[10,11], and thinning of the fibrous cap with an increased underlying lipid core size [12]. The
major lipid species in atherosclerotic plaques is cholesterol which exists in both free and
esterified forms [13]. The percentage of free cholesterol increases in lesion cores while
cholesteryl ester enriches in lesion caps [14]. Thus, lipid deposition in relation to plaque
microstructure (i.e., fibrous cap) represents an important early molecular marker that provides
information relevant to the risk of future plaque rupture. In vivo lipid identification at a high
resolution without using exogenous contrast agents is of great clinical value.

Currently, non-invasive imaging modalities including angiography, magnetic resonance
imaging (MRI), computed tomography (CT), and positron emission tomography (PET) have
been utilized to screen for atherosclerotic cardiovascular diseases in the human body (e.g.,
atherosclerotic plaques in the arterial wall) [15,16]. Catheter-based minimally-invasive
imaging modalities including near-infrared fluorescence (NIRF), intravascular ultrasound
(IVUS), intravascular photoacoustic imaging (IVPA) and intravascular optical coherence
tomography (IVOCT) have been applied to image the structure or composition of specific
blood vessels (e.g., coronary atherosclerosis) [17-22]. More recently, dual-modality imaging
systems such as single-photon emission CT (SPECT)-CT, IVUS-IVPA, IVUS- fluorescence
life-time imaging (FLIM), IVUS-IVOCT, and IVOCT-NIRF are being investigated to
simultaneously detect plaque structure and composition with higher specificity [23—27]. Some
disadvantages are that SPECT, IVPA, FLIM and NIRF do not provide a high resolution
equivalent to OCT, and moreover, SPECT and NIRF require exogenous imaging contrast
agents. Among the above single-/dual-modality imaging techniques, OCT provides the
highest resolution and is the sole approach to visualize thin fibrous caps (<65 pm). However,
use of OCT alone to identify atherosclerotic plaques is limited due to the poor scattering
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contrast between lipid and other plaque components such as calcium and fibrous tissue. Two-
photon luminescence (TPL) microscopy uses nonlinear absorption/emission properties of
tissue and has been applied for ex vivo/in vivo plaque component characterization with
cellular or subcellular resolution, including collagen, elastin fibers, calcium, oxidized-LDL
and lipid deposits [28-31] based on their endogenous auto-fluorescence. Combination of
OCT and TPL imaging can provide both scattering and absorption/emission contrast from
native tissue and simultaneously detect plaque structure and composition with high
sensitivity, specificity and spatial resolution. To the best of our knowledge, a combined OCT
and TPL imaging approach was first introduced by Beaurepaire, ef al in 1999 [32], similar
systems were later demonstrated by Tang et a/ [33] and Vinegoni et al [34], respectively, in
2006. All these systems utilized a single light source (i.e., same wavelength) for OCT and
TPL microscopy and were based on bulk optics. Jeong et al described a bulk-optics-based
combined system using individually optimized light sources for OCT and TPL microscopy in
2011 [35]. Wang et al, in 2014, demonstrated a bulk-optic probe-based OCT and TPL
microscopy system but with OCT/TPL images recorded separately and not co-registered [36].
Further, Xi et al reported an integrated OCT and TPL imaging platform using a customized
photonic crystal fiber and endoscope in 2012 [37]. Although this system was fully fiber-
based, only en face OCT and TPL images (with contrast agent) were obtained due to the high
numerical aperture (NA = 0.8) beam incident on the sample as well as limited power of the
TPL excitation light source (~155 mW).

In this study, we implemented for the first time a dual-modality fiber-based OCT-TPL
imaging system using a photonic crystal fiber that can generate co-registered 3D OCT and 2D
TPL images. We demonstrated that TPL imaging in combination with OCT can identify
plaque composition (e.g., lipid and oxidized-LDL) with high resolution in the context of
surface profile of the vessel lumen without using contrast agent. Presence of lipid in plaques
was confirmed by histology. This dual-modality imaging approach can reveal molecular
composition within a fully co-registered anatomical microstructural image of the coronary
artery in 3D and has the potential to be adapted to the clinical environment for intravascular
imaging using a photonic crystal fiber-based catheter.

2. Materials and methods
2.1 Sample preparation

A metallic sample (stainless steel ruler) was used to show the TPL excitation of metal and
detection of TPL emission at long wavelengths (i.e., 640-720 nm).

A tissue sample (atherosclerotic human coronary arteries) was used to demonstrate the
capability of TPL imaging of lipid at short wavelengths (i.e., <640 nm) in combination with
OCT for plaque microstructure delineation. Human hearts from two male donors aged 55 and
62 years were received from the South Texas Blood and Tissue Center and evaluated within
48 hours of death. The Institutional Review Board (IRB) at the University of Texas Health
Science Center in San Antonio approved this study. The left anterior descending artery
(LAD), left circumflex artery (LCX) and right coronary artery (RCA) were carefully
dissected from each heart, cut open, and positioned en face with the luminal side facing up for
OCT-TPL imaging at a field of view (FOV) of 1.6 x 1.6 mm”. Atherosclerotic plaques were
identified visually by a yellow coloration representing lipid near the luminal surface. A total
of twenty FOVs with suspected plaques were imaged and marked with Indian ink for co-
registration with histology.

2.2 Fiber-based OCT-TPL imaging system

The fiber-based dual-modality OCT-TPL imaging system incorporated swept-source OCT
and TPL imaging modules and scanning optics (Fig. 1). The custom-built intensity OCT
module used a swept-source laser (HSL-2000, Santec, Hackensack, NJ) with a center
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wavelength of 1,310 nm and a bandwidth of 80 nm scanning at a repetition rate of 20 kHz.
Average power incident on the sample was 0.5 mW. The measured free-space axial resolution
was 20 pm (~15 pm in tissue) with a 5.1 mm scan depth determined by 704 pixels/A-scan
and 7.2 pm/A-scan pixel measured in air. The custom-built TPL imaging module utilized a
femtosecond Ti:Sapphire laser (Mai Tai HP, Newport, Irvine, CA) with excitation tunable
over 760-1040 nm (80 MHz). TPL emission from sample was reflected by a 720 nm long-
pass dichroic mirror (Prairie Technologies, Middleton, WI) to block the excitation laser line
and collected by two photomultiplier tubes (PMT1: H7422P-40, PMT2: R3896, Hamamatsu,
Bridgewater, NJ) in spectral ranges of 640-720 nm and <640 nm, respectively, to distinguish
endogenous chromophores in the plaque (e.g., lipid deposits) and exogenous chromophores
such as metal. To eliminate the PMT photon count from excitation laser light, a short-pass
filter (et720sp, Chroma Technology, Bellows Falls, VT) was placed after the dichroic mirror.
A custom-designed adjustable dispersion compensator was utilized to provide transform-
limited TPL excitation pulses incident on the sample, comprised of a diffraction grating (1200
lines/mm, Wasatch Photonics, Logan, UT), a focusing lens (f= 100 mm, Thorlabs, Newton,
NJ), a polarizing beamsplitter (PBS122m, Thorlabs, Newton, NJ), a half-wave plate
(WPHO5MS808, Thorlabs, Newton, NJ), a quarter-wave plate (WPQO5M808, Thorlabs,
Newton, NJ) and a mirror (BB1-E03, Thorlabs, Newton, NJ).

OCT and TPL modules shared a common sample path by using two dichroic mirrors
(760DCXRU, T970DCSPXR-XT, Chroma Technology, Bellows Falls, VT). A photonic
crystal fiber (PCF, LMA-15, NKT Photonics, Birkered, Denmark) with a 15 pm diameter
core was used to simultaneously transmit single-mode OCT and TPL excitation/emission
light to/from the sample. The scanning optics consisted of a doublet PCF collimator (f'= 40
mm, Edmund Optics, Barrington, NJ), x- and y-galvanometers (6M2205S-S, Cambridge
Technology, Bedford, MA), and a triplet scanning lens (f = 50 mm, Edmund Optics,
Barrington, NJ). All lenses were AR-coated. OCT and TPL excitation beam diameters (i.c.,
lateral resolution) on the sample were both calculated to be ~16 um based on the similar
mode field diameters (i.e., 12.6 um and 12.8 pum, respectively) of the PCF core at 800 nm and
1,310 nm and magnification of the scanning optics [38]. OCT images were displayed using a
logarithmic intensity scale (20 % log(Vocr)). The OCT-TPL image size was 512 x 512 pixels
covering an FOV of 1.6 x 1.6 mm”. Because the OCT laser has a repetition rate of 20 kHz
compared to 80 MHz of the TPL excitation laser, imaging time was limited by OCT and
determined to be 13.1 s (i.e., 25.6 ms/OCT B-can x 512 B-scans).
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Fig. 1. Schematic diagram of the dual-modality fiber-based OCT-TPL imaging system
consisting of OCT and TPL modules and scanning optics. Light from OCT and TPL modules
are combined by dichroic mirrors (blue) and a photonic crystal fiber (yellow). Top-view and
beam profile of the PCF are shown in the top-right corner. PCF: photonic crystal fiber; PMT:
photomultiplier tube; BP: band pass; SP: short pass; BS: beamsplitter.

2.3 Histology analysis

After imaging, human coronary arteries were immersion-fixed in 10% neutral buffered
formalin, frozen in optical cutting temperature medium, cut into sections 4 pum thick and
stained with Oil Red O (ORO) for lipid [39] and Verhoeff-Masson Tri-Elastic (Tri-Elastic)
for collagen/elastin fibers [40].

3. Results
3.1 Custom-designed pulse compensator for TPL excitation

We measured the pulse duration at the output of the TPL excitation laser (800 nm) to be 118.8
fs (Fig. 2(c)). The pulse duration on the sample was significantly stretched (>500 fs) due to
group delay dispersion (GDD) after propagating through a 1 m long PCF and optics in the
sample path of TPL excitation. A pulse compensator was utilized to restore the pulse duration
to a near transform-limited value and maintain sufficient instantaneous power for TPL
excitation of chromophores in the sample. We designed and constructed a dedicated pulse
compensation system based on a single transmission diffraction grating first suggested by
Martinez [41,42], shown in Fig. 2(a). For this configuration, the GDD introduced to the pulse
is defined in the following equation [41]:
/13
aPb zc’s® cos’ 6, (f-2)

where A (nm) is the center wavelength of TPL excitation light, ¢ (m/s) is the speed of light, s
(mmvline) is the groove spacing of the grating, §, is the emergence angle of the beam off the

grating, f (mm) is the focal length of the lens, and z (mm) is the separation between the
grating and the lens, which can be varied to compensate different levels of GDD. With a TPL
excitation laser wavelength of 800 nm, a grating groove spacing of 1200 lines/mm, a lens
focal length of 100 mm, and an emergence angle of ~28°, GDD imparted to the laser pulse is
3,345 fs*/mm x (f — z). Thus for the predicted PCF GDD of 45,200 fs*/m (LMA-15), 1 meter
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of PCF can be accommodated by setting z to approximately 114 mm. Zemax simulation of
GDD (computed from optical path length versus wavelength) for the pulse compensator (Fig.
2(b)) is in agreement with that calculated by the equation above. For minimum pulse duration
on the sample, the actual distance of z was set to 117 mm to compensate GDD originating in
the optics in the sample path of TPL excitation (e.g., isolator, lenses, beamsplitter, and
dichroic mirrors). Pulse duration incident on the sample was restored and measured to be 122
fs, very close to that at the output of the TPL excitation laser (118.8 fs).

Grating Lens Mirror (C) (d)
Temporal Intensity and Phase

Temporal Intensity and Phase

S00

Timd (F2)

S0 600 400 200 0 A0 40 60 80
Tive(f5)

| "
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\VA %& | an

Fig. 2. (a) Schematic diagram of the custom-designed pulse compensator comprised of a
transmission diffraction grating, a focusing lens and a mirror. (b) Zemax simulation of optical
path length and GDD with ray tracing for the pulse compensator configured in (a). Ray colors
in (b) represent spectral bandwidth of the TPL excitation laser centered at 800 nm (i.e., 795-
805 nm). (c,d) Temporal intensity and phase measurement of pulse duration at the output of
TPL excitation laser (800 nm) and on the sample after employing the pulse compensator,
respectively. Pulse intensity and phase were characterized using an ultrashort-laser-pulse
measurement device (Grenouille, SwampOptics, Atlanta, GA).

3.2 OCT-TPL imaging of metallic sample

Metals are known to exhibit strong TPL emission when excited with ultrashort pulsed
radiation [43]. TPL emission from metals is characterized by a broad emission wavelength
range (e.g., 350-800 nm) with spectral intensities increasing at longer wavelengths where the
TPL excitation is located (e.g., 800 nm). Metal nanoparticles, especially gold nanoparticles,
with different coatings have been developed to target various cellular/molecular components
in tissues for diagnostic and/or therapeutic applications due to their unique optical properties,
negligible cytotoxicity and good biocompatibility [44-51]. Gold nanoparticles demonstrate
strong absorption contrast under TPL excitation, and therefore, can be utilized to target
plaque composition that does not have strong endogenous TPL emission (e.g., macrophages).
Here we performed OCT-TPL imaging on a metallic sample to demonstrate TPL imaging to
detect the metallic composition of the sample. Figure 3 shows dual-modality OCT-TPL
imaging of a stainless steel ruler. The numeral “8” and scale bars are visualized in the en face
OCT (Fig. 3(a), 3(d)), TPL (Fig. 3(b), 3(e)) and merged OCT-TPL (Fig. 3(c), 3(f), 3(g))
images. TPL images show a strong emission signal from stainless steel at an incident
excitation power or energy density of 1.96 x 10~ W/um® or 7.84 x 107'° J/um®. More detailed
features of the target are evident (e.g., isolated bright spots in Fig. 3(b), 3(e)), caused by
inhomogeneities or surface roughness of the material [52,53]. When a 2D en face OCT image
or a 3D OCT image is merged with the co-registered TPL image, surface structure and
composition of the target (i.e., stainless steel ruler) are depicted simultaneously. Of note is
that most TPL emission from stainless steel is constrained within a longer wavelength range
(640-720 nm) and detected by PMT1, whereas much lower TPL emission is captured by
PMT?2 (data not shown), consistent with spectral characteristics of metallic TPL emission
[43,52,54].
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Fig. 3. Dual-modality OCT-TPL imaging of a stainless steel ruler. £n face OCT (a,d), co-
registered TPL (b,e), and merged OCT-TPL (c,f) images of numeral “8” and scale bars,
respectively, on the ruler. (g) 3D OCT image set merged with the TPL image, showing
composition of the ruler in the context of its surface structure. Red indicates TPL emission in

(c,f,g).

3.3 OCT-TPL imaging of tissue sample

Dual-modality OCT-TPL imaging of human coronary arteries was used to demonstrate
simultaneous detection of plaque structure and composition. To detect TPL emission from
native tissue, a higher TPL excitation power or energy density compared to the metallic
sample was applied (~1.96 x 10~ W/um?® or 7.84 x 107 J/um?). As the spectral ranges of
TPL emission from native plaque components such as oxidized-LDL, lipid, collagen/elastin
fibers (in response to an 800 nm TPL excitation) are all much shorter than 650 nm [28,55,56],
PMT2 (<640 nm) was utilized to collect most of TPL emission from tissue. OCT and TPL
images were recorded and merged into a single image. Figure 4(a) illustrates a TPL image of
a plaque region where isolated spots and regions with bright TPL emission are observed. Size
of chromophores varies from 5 pm to over 200 pum, suspected to originate from oxidized-
LDL particles (small isolated bright spots) and lipid droplets/deposits (large oval-shaped
regions) [28]. Brightness of TPL emission is determined by the depth and absorption
properties (i.e., two-photon absorption cross-section) of the chromophores as TPL imaging
integrates emission signal over a depth of focus of ~500 pm determined from the size of beam
waist. Figure 4(b) shows a co-registered en face OCT image providing the surface structure of
the plaque region. Figure 4(c) is the merged OCT-TPL image that overlays molecular
components onto the structural context of the tissue, suggesting good complementarity of
OCT and TPL imaging. A 3D OCT data set is then merged with the TPL image (Fig. 4(d)),
demonstrating chromophore distributions in relation to the tissue surface profile. Figure 4(e)
shows a B-scan OCT image at the white dashed line in Fig. 4(a). Lower back scattered OCT
signal (yellow dashed boxes in Fig. 4(e)) corresponds to plaque components with less
scattering (e.g., lipid deposits), which is inversely represented by higher intensity regions (red
curve in Fig. 4(e)) of TPL emission signal profile along the white dashed line in Fig. 4(a).
This further demonstrates the complementary characteristics of OCT and TPL imaging in
atherosclerotic plaque detection.
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Fig. 4. Dual-modality OCT-TPL imaging of a human coronary artery. TPL (a), en face OCT
(b), merged en face OCT-TPL (c), merged 3D OCT-TPL (d) images of the plaque region. Red
in (c,d) indicates TPL signal measured at emission wavelengths shorter than 640 nm while
green in (c) represents back scattered OCT signal. The inset image in (d) shows the merged 3D
OCT-TPL image at a different angle. (¢) B-scan OCT image at the white dashed line in (a).
Higher intensity regions of the TPL emission signal profile (red curve in (e), a.u.) at the white
dashed line in (a) correspond to lower intensity regions (yellow dashed boxes “a,b,c”) in the B-
scan OCT image. Yellow arrows point to small regions of lower scattering intensity in dashed
box “c”.

To investigate origin of the TPL emission signal, 4 um thick tissue sections were cut after
imaging for histology with ORO stain for lipid and Tri-Elastic stain for collagen/elastin
fibers. Figure 5 shows another example of OCT-TPL imaging of a plaque region. In the TPL
image, isolated spots with bright TPL emission (yellow dashed box “b” in Fig. 5(a)) are
visualized. Moreover, curved structures, such as the curves in the yellow dashed box “a” in
Fig. 5(a), are also observed. In contrast, the co-registered en face OCT image (Fig. 5(b))
shows lower signal in the regions with higher TPL emission. The merged en face OCT-TPL
image (Fig. 5(c)) demonstrates how TPL bright spots and curved structures of higher TPL
intensity (red) complement the lower intensity regions of OCT (green). Adjacent tissue
sections at the white dashed line were stained with ORO (Fig. 5(e)) and Tri-Elastic (Fig. 5(f)),
respectively. Red regions in the ORO section (yellow dashed boxes in Fig. 5(e)) correlate
well with the higher TPL intensity regions in the yellow dashed boxes along the white dashed
line in Fig. 5(a), indicating that the isolated bright spots and curved structures may originate
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from oxidized-LDL particles and/or lipid droplets/deposits in the plaque. Collagen fibers
(green in Fig. 5(f)) shown in the Tri-Elastic section are across the entire tissue surface, but the
TPL signal is only apparent in regions of lipid, suggesting that collagen/elastin fibers may not
contribute to the TPL emission signal at the excitation power density used in this region of
interest. The B-scan OCT image (Fig. 5(g)) at the white dashed line in Fig. 5(a) provides a
consistent co-registration of lipid regions between TPL and the histology image (yellow
dashed boxes “a,b” in Fig. 5(a), 5(e), 5(g)). To further demonstrate the location of lipid
deposits in the tissue, the TPL image is overlaid onto the context of a 3D OCT data set (Fig.
5(d)) where tissue regions with fatty streaks [57] are evident. Isolated bright spots and curved
structures are closely correlated in the TPL image. Bright spots “grow” and are replaced by
curved structures from top-right to bottom-left in Fig. 5(a), indicating a possible transition
region from isolated lipid droplets and/or oxidized-LDL particles to fatty streaks on the
luminal surface of the vessel.

Fig. 5. Dual-modality OCT-TPL imaging of a human coronary artery and corresponding
histology. TPL (a), en face OCT (b), merged en face OCT-TPL (c), merged 3D OCT-TPL (d)
images of the plaque region. Red in (c,d) indicates TPL signal measured at emission
wavelengths shorter than 640 nm while green in (c) represents back scattered OCT signal. The
inset image in (d) shows the merged 3D OCT-TPL image at a different angle. (e,f) ORO and
Tri-Elastic stains of a histological tissue section at the white dashed line in (a), showing lipid
deposits (red) and collagen (green)/elastin (black) fibers respectively. (g) B-scan OCT image at
the white dashed line in (a). Lower intensity regions (yellow dashed boxes “a,b” in (g)) are
represented by higher intensity regions (yellow dashed boxes “a,b” in (a)) along the white
dashed line in the TPL image and are consistent with histology (yellow dashed boxes “a,b” in

(e)).
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4. Discussion

IVOCT is a recently developed catheter-based method for high-resolution imaging of
coronary arteries. The high axial resolution of IVOCT (~10 pum) has generated considerable
interest as a candidate method to assess atherosclerotic plaques [58]. Of all clinically
available cardiovascular imaging modalities, IVOCT is the sole approach that provides
sufficient spatial resolution to detect and image thin fibrous caps. But unfortunately, when the
cardiologist observes a plaque in an IVOCT image, inaccuracies may occur in classifying the
plaques and evaluating the risk of plaque rupture only based on tissue structures. Yabushita et
al characterized plaque types by OCT signal levels and boundaries between fibrous,
fibrocalcific, and lipid-rich plaques. Plaque types may be misinterpreted due to OCT
penetration depth and if multiple molecular components (i.e., lipid, calcium) exist in the same
plaque [59]. Phipps et al recently observed that sharp changes in tissue index of refraction
(i.e., higher back scattering signal in IVOCT images) may be caused by macrophages, fibrous
tissue, interfaces between calcium and fibrous tissue, calcium and lipid, and/or fibrous-cap
and lipid pool [60]. As a result, plaque types cannot be accurately classified unless
cellular/molecular compositions of the plaque can be detected (not inferred from tissue
structure by OCT). Two-photon luminscence (TPL) microscopy has been applied for ex vivo
or in vivo (with blood vessels exposed) plaque component characterization based on
endogenous auto-fluorescence emission under TPL excitation [28-31], which has the
potential to correct the above inaccuracies by determining the cellular/molecular composition
of plaques in the context of structures elucidated by OCT. However, delivery of ultrashort
laser pulses to the plaque in vivo through a conventional glass fiber represents a technical
challenge because of the risk of damage to the fiber caused by high optical powers (e.g., >10
W/um® instantaneous power density). Photonic crystal fiber (PCF) offers the unique
capability to transmit high power ultrashort laser pulses while maintaining single mode beam
quality over a wide wavelength range, critical for both TPL imaging and OCT. In this study,
the two imaging modalities were combined in a PCF to transmit single mode OCT and TPL
excitation light, and endogenous TPL emission light from tissue for the first time, providing
identical laser spot size (i.e., lateral resolution) on the sample.

TPL microscopy has demonstrated two-photon absorption/emission contrast of
intracellular and extracellular lipid droplets/deposits and oxidized-LDL particles, all of which
emit and are detected at short wavelengths (<640 nm) [28-31], consistent with our
observation in this study. Our results suggest that TPL imaging provides complementary
optical contrast to OCT which is based on light scattering caused by refractive index gradients
in tissue, and specifically identifies key plaque component such as lipid that does not exhibit
strong light scattering in OCT. Merged OCT-TPL images simultaneously show plaque
structure and composition, significantly enhancing the opportunity to identify, evaluate and
characterize atherosclerotic plaques based on cellular/molecular composition of the plaques
with high resolution, sensitivity and specificity. In addition, due to the specificity of TPL
imaging for detection of metal at long wavelengths (640-720 nm), targeted imaging
approaches (e.g., gold nanoparticles) could be helpful in identifying macrophages that do not
have sufficient endogenous TPL or OCT contrast over other plaque components [61]. Further,
TPL imaging could be useful for improved monitoring of drug eluting metallic stents [62]
over time.

As the depth of focus of the TPL excitation beam is ~500 um, TPL emission from
chromophores within this range is detected and integrated. Figure 6(a) shows TPL detection
of lipid droplets/deposits and/or oxidized-LDL particles located beneath the surface of the
plaque. Isolated bright spots (yellow dashed box “a” in Fig. 6(a)) and large bright regions
(yellow dashed box “b” in Fig. 6(a)) at the white dashed line in the TPL image co-register
with lower signal regions of the corresponding B-scan OCT image (Fig. 6(c)). ORO stain of
lipid demonstrates a big lipid pool located at approximately 250-750 um in depth (yellow
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dashed boxes “a,b” in Fig. 6(b)), suggesting that the bright TPL emission can be generated
from lipid deep in the tissue and demonstrating the capability of OCT-TPL imaging to detect
chromophores deeper than 200 um underneath plaque surface. Worth noting is that size of
lipid features in the TPL image varies with locations of the lipid pool (yellow dashed boxes
“a,b” in Fig. 6(a)), although the histology image (Fig. 6(b)) shows similar ORO stain color
and depth at these locations.

Fig. 6. (a) TPL image of the plaque region. (b) ORO stain of a histological tissue section at the
white dashed line in (a), showing a lipid pool (red) deep in the tissue. (c) B-scan OCT image at
the white dashed line in (a). Lower intensity regions (yellow dashed boxes “a,b”) in the B-scan
OCT image (c) are represented by higher intensity regions along the white dashed line in the
TPL image (yellow dashed boxes “a,b” in (a)) and consistent with the lipid locations in the
histology image (b).

A novel dual-modality OCT-TPL imaging system is demonstrated in this study for ex vivo
atherosclerotic plaque characterization using a PCF. Therefore, clinical translation of this
dual-modality fiber-based system to a catheter-based imaging system appears feasible. Yoo et
tal developed an intra-arterial catheter for combined optical frequency domain imaging
(OFDI) and NIRF imaging using a double-clad fiber and tested it using a rabbit model with
implanted NIR-fluorescent fibrin-coated stent [27]. Similarly, Lorenser et al proposed a
needle probe for combined OCT and fluorescence imaging using an excised sheep lung with
fluorescein solution infused through the vasculature [63]. Recently, Xi et al implemented an
integrated OCT and TPL imaging platform using a customized double-clad PCF and
endoscope on contrast-enhanced (with ICG administration) mouse tissues [37]. Due to similar
structure and mechanics of the dual-modality catheter to standalone OCT catheters currently
used in the cardiac catheterization laboratory [64], future development of the OCT-TPL
imaging catheter (i.e., using a PCF) to detect lipid sub-types (i.e., lipid droplets/deposits and
oxidized-LDL particles) and possibly other plaque compositions in vivo is feasible.

In the currently study, OCT incident power on the sample was 0.5 mW, to achieve higher
incident power as well as higher axial resolution (~5 um in tissue) and faster imaging speed, a
higher power and repetition rate OCT laser source with a broader bandwidth, and a better
fiber coupling strategy may be employed. As can be observed from the OCT images in Fig.
4(e), Fig. 5(g) and Fig. 6(c), speckle size is larger compared to those obtained from standard
OCT systems. This deficiency is due in part to use of a PCF. Speckle size is impacted by
mode field diameter (MFD) of the fiber acting as a pinhole to receive back scattered OCT
light. Because the MFD of the PCF (12.8 um) is larger than that of a standard single mode
fiber (SMF-28, 9.2 um), larger speckle size is expected.

Although we identified collagen/elastin fibers in atherosclerotic arteries with histology,
these features were not detected in our TPL images in contrast to using TPL microscopy
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[28,61]. Detection of collagen/elastin fibers may be possible in a fiber-based system by
increasing either the TPL excitation power or collection efficiency of the fiber.

5. Conclusion

In this study, we presented a novel dual-modality fiber-based optical system that combines
OCT and TPL imaging using a photonic crystal fiber for the first time. A pulse compensator
was employed to restore pulse duration on the sample to be equivalent to the laser output.
TPL emission from a metallic (stainless steel ruler) and tissue sample (human coronary
arteries) was recorded and distinguished at different emission wavelengths. High intensity
TPL signal from lipid-rich plaque regions is in good agreement with lipid distributions in
histology, suggesting that the TPL emission is generated by lipid droplets/deposits and/or
oxidized-LDL particles both superficially and deep in the tissue. 2D and 3D merged OCT-
TPL images show the location and distribution of lipid in the context of plaque structure,
demonstrating complementary optical contrast between the two imaging modalities. Our
results suggest that dual-modality OCT-TPL imaging is a promising approach for
simultaneous microstructural and molecular analysis of atherosclerotic plaques, which
substantially improves the diagnostic capability of OCT alone by the addition of two-photon
absorption/emission contrast.
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