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Abstract: Owing to its superior resolution, intravascular optical coherence
tomography (IVOCT) is a promising tool for imaging the microstructure of
coronary artery walls. However, IVOCT does not identify chemicals and
molecules in the tissue, which is required for a more complete
understanding and accurate diagnosis of coronary disease. Here we present
a dual-modality imaging system and catheter that uniquely combines
IVOCT with diffuse near-infrared spectroscopy (NIRS) in a single dual-
modality imaging device for simultaneous acquisition of microstructural
and compositional information. As a proof-of-concept demonstration, the
device has been used to visualize co-incident microstructural and
spectroscopic information obtained from a diseased cadaver human
coronary artery.
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OCIS codes: (110.4500) Optical coherence tomography; (170.6510) Spectroscopy, tissue
diagnostics; (110.0113) Imaging through turbid media.
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1. Introduction

Intravascular optical coherence tomography (IVOCT) [1, 2], implemented by frequency-
domain OCT (FD-OCT) [2-5] or optical frequency domain imaging (OFDI) [6, 7], provides
three-dimensional microscopic images of blood vessels, including coronary arteries, in vivo
[8, 9]. The ability of IVOCT to capture arterial microstructural detail is potentially very useful
in medicine because it enables coronary artery disease (CAD) treatment decisions to be made
based on detailed morphologic information, which should result in better interventional
outcomes [10-12]. Furthermore, in vivo microscopy via IVOCT may provide information,
such as presence of macrophage accumulations and thickness of fibrous caps [13, 14], that
aids the detection of the so-called “vulnerable plaque” that is a precursor lesion to acute
myocardial infarction [15, 16]. Many lives could be saved were these vulnerable plaques to be
identified and treated before the onset of a coronary event.

Even though microstructure is an important component of CAD, advancing understanding
and improving diagnosis of atherosclerosis requires knowledge of the artery’s chemical and
molecular composition as well [17]. Compositional information will also resolve ambiguities
regarding [IVOCT image interpretation [18-20] and could provide improved means for
automatic segmentation that can facilitate real-time 3D visualization of OCT data sets. While
some chemical data, such as the presence of lipid, may be inferred from interferometric OCT
signal [19-21], this information is limited to the penetration depth of IVOCT, which may be
superficial, especially in the presence of macrophages and lipid [18]. The limited penetration
depth of IVOCT is particularly problematic for vulnerable plaque; natural history studies [22]
have shown that information deep within the arterial wall is important for characterization of
high-risk coronary lesions. These factors suggest that intravascular imaging is best served by
combining IVOCT with an imaging technology that detects chemical/molecular composition
deep within the artery wall.

One such imaging technology that could be combined with IVOCT is diffuse near-
infrared spectroscopy (NIRS). Intracoronary NIRS has been developed as a standalone
imaging modality [23] and is now commercially available and in clinical use [24]. The
catheter device is capable of detecting lipid through blood and deep within the artery wall [25,
26]. Recently, NIRS has been combined with intravascular ultrasound (IVUS) to provide co-
registered structural and chemical information [27]. However, IVUS does not have the
resolution to visualize important microstructures, such as thin fibrous caps and macrophage
accumulations that are relevant to vulnerable plaque diagnosis. Furthermore, fluorescence
imaging has been demonstrated as a complementary modality for OCT to provide additional
information about molecular signatures [28—33]. Endogenous fluorescence imaging based on
laser-induced fluorescence spectroscopy can also complement OCT and provide molecular
information non-invasively [32, 33]. Nonetheless, exogenous fluorescence imaging requires
perturbative chemical labeling of coronary tissue.
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In this paper, we describe a dual-modality catheter-based imaging system and catheter for
simultaneous microstructural and compositional imaging using co-registered OCT and diffuse
near-infrared spectroscopy (NIRS). It integrates IVOCT and NIRS catheters into a single
rotationally-scanning imaging device in which illumination and collection apertures are
separated. This technology differs significantly from previously reported dual-modality OCT
paradigms in which a single fiber and one illumination/collection aperture are used. Our
OCT-NIRS system, which employs a single high-speed wavelength-swept light source for
both OCT and NIRS modalities, illuminates the tissue through a single-mode fiber and
collects the back-scattered OCT light with the same fiber. Another collection fiber within the
catheter detects the NIRS light, 1-2 mm from the illumination location. Such a configuration
enables NIRS detection in the diffuse regime, allowing tissue spectroscopy to be performed
deeper into the tissue [34-36]. As a proof-of-concept demonstration, we present cross-
sectional dual-modality images of human coronary arteries ex vivo, showcasing the capability
of OCT-NIRS to capture spectroscopy information in addition to microstructure.

2. Catheter-based dual-modality OCT and NIRS
2.1. System overview

The optical layout for our dual-modality catheter-based OCT-NIRS is schematically shown in
Fig. 1. For OCT, we used optical frequency domain imaging (OFDI) technology, alternatively
known as swept-source OCT (SS-OCT) or frequency-domain OCT [4, 6, 7]. The optical
source was a wavelength-swept laser that generated broadband sweeps at a repetition rate of
100 kHz with an optical bandwidth of ~106 nm centered at 1282 nm [37], corresponding to an
axial resolution of ~10 um. The source directed light to a fiber-based interferometer,
described in detail elsewhere [6, 38]. The interferometer was composed of a 90/10 optical
power splitter, two optical circulators, and an acousto-optic frequency shifter in the reference
arm, all pigtailed with standard single-mode fibers (SMF-28). The sample arm output of the
interferometer was coupled into the core of a double-clad fiber (DCF). In our OCT-NIRS
prototype, we used a single-mode fiber with a low-index polymer coating (Nufern, SM-GDF-
1550), which also guided the light through its cladding. Essentially, the coating of the DCF
acts as the outer-cladding for the waveguide. The DCF was then input into a double-clad fiber
coupler built in our lab; it was designed such that the core light experienced a minimal
insertion loss (section 2.2). The DCF output of the coupler was directed towards a DCF
optical rotary junction (section 2.3) and then the OCT-NIRS catheter (section 2.4).

The OCT-NIRS catheter delivered OCT light to the tissue and collected the back-scattered
and diffuse light, from the DCF’s core and inner cladding, respectively, as described in
section 2.4. Upon return of OCT and NIRS light, the custom-built double-clad fiber coupler
extracted the cladding light (NIRS light), while it directed the OCT light back to the
interferometer. The NIRS light was then detected using a low-bandwidth InGaAs photo-
receiver (NewFocus, 2053-FC). The use of a wavelength-swept laser allowed us to detect the
spectrum in the time domain using a single-pixel photo-receiver at high speeds (up to 100,000
spectra per second, equivalent to the source’s repetition rate). The OCT interference signal
was captured via a polarization-sensitive balanced receiver with a sensitivity of 110 dB [6,
39]. Simultaneous acquisition of OCT and NIRS signals made it possible to obtain one
spectrum per each axial scan, facilitating spatial registration of the two data sets.
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Fig. 1. System diagram for the dual-modality catheter-based optical coherence tomography
(OCT) and diffuse near-infrared spectroscopy (NIRS). The OCT-NIRS system consists of
OCT/OFDI and NIRS consoles, double-clad fiber coupler, fiber-based rotary junction, and a
dual-modal imaging catheter. SMF: Single-mode fiber; DCF: Double-clad fiber; AOFS:
Acousto-optic frequency shifter.

2.2. Double-clad fiber coupler

In our OCT-NIRS system, a DCF coupler extracted the NIRS signal that was carried through
the inner cladding of DCF. This coupler was designed to allow near-full transmission of the
single-mode core light (i.e., OCT signal and NIRS excitation), while it branched off the multi-
mode cladding light (i.e., NIRS collection). As discussed earlier, we used a single-mode fiber
with a low-index polymer coating (Nufern, SM-GDF-1550) in which the coating acts as the
outer-cladding as well. The fabrication process started by stripping fibers’ polymer coatings
over 15-cm long region. The two fibers were then twisted together (12 turns) and pulled from
both ends to ensure their contact. While it was still under tension, the device was inserted and
mounted in tubing for protection. Note that the method described here is different from the
fabrication method described in [40] by S. Lemire-Renaud et al in which the double-clad fiber
had separate outer cladding and coating.

Table 1. Port numbering for the double-clad fiber coupler and their purposes

Port number Core / Cladding Purpose

Port 1 Core Transceives OCT light to/from catheter

Port 1 Cladding Receives returned NIRS light from catheter
Port 2 Core Transceives OCT light to/from OCT console
Port 2 Cladding Not used

Port 3 Core & Cladding Transmits NIRS light to NIRS detection console
Port 4 Core & Cladding Not used

The coupler’s performance was measured using a wavelength-swept laser source and a
photo-receiver — similar to the scheme used for NIRS signal detection. As illustrated in Fig.
2(a) and summarized in Table 1, when OCT (core) and NIRS (cladding) signals entered
through Port 1, NIRS light branched off into Port 3, while the OCT signal was transmitted to
Port 2 with minimal insertion loss. Figure 2(b) shows the core’s measured signal transmission
(red curve) over the operation band (1230 nm — 1330 nm) indicating approximately 0.5 dB
insertion loss. It also shows the cladding signal coupling (blue curve), indicating
approximately 32% transmission (~4.9 dB) with ~1-dB ripple over the entire band. The
coupling ratio is primarily determined by number of turns and length of the coupling region.
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It may also be enhanced by slightly fusing the coupling region. Note that our results are in a
good agreement with previously published twisting method in [41].

o Port 1= = Port 2 G ° ' '
To/From To/From M}
Rotary Junction OCT Console -k :
— Port 1(core) to Port 2(core)
— Port 1(cladding) to Port 3(cladding)

Port 4 = Port 3
To
NIRS Detection

Transmission (dB)
w

-6 i i H
1230 1255 1280 1305 1330
Wavelength (nm)

Fig. 2. (A) Double-clad fiber (DCF) coupler schematic, denoting the ports and coupling
direction, (B) Transmission spectrum over the operation band. The error bar indicates
deviation from the average for four DCF couplers that were fabricated using the described
method. The cladding-to-cladding coupling (for NIRS signal) was nearly 4.9 dB, averaged
over the entire operation band, while core insertion loss (for OCT signal) was about 0.5 dB.

2.3. DCF optical rotary junction

A DCF optical rotary junction was fabricated to enable circular cross-sectional imaging
through a rotationally-scanning catheter. This junction optically coupled light from a static
DCF emanating from the DCF coupler to a rotating DCF contained within a driveshaft of the
catheter. Inside the rotary junction, the static and rotating DCF were terminated by anti-
reflective coated gradient index (GRIN) lenses for free-space beam collimation. The length of
the GRIN lenses and their relative positions were optimized to maximize core-to-core
coupling of OCT light through DCF for 360-degree full rotation, while they ensure minimal
crosstalk between OCT and NIRS light. Note that the rotary junction was terminated by
FC/APC connectors to interface with the double-clad coupler and the dual-modality catheter.
The fabricated rotary junction had OCT and NIRS insertion loss of 0.6 dB (£ 0.3 dB) and 3
dB ( = 0.05 dB), respectively. The rotary junction was driven using a motor-drive unit
(Micromo, 2232U012SR) with a rotational speed of 1462 RPM, corresponding to 4096 A-
lines per cross-section at 100-kHz scan rate.

2.4. Dual-modality catheter

The OCT-NIRS catheter interfaces the DCF rotary junction as schematically shown in Fig. 3.
This rotational scanning catheter was composed of a single-mode fiber (OFS, SMM-A1310H)
and a multi-mode fiber (Molex, FIP100120140) that were combined into a double-clad fiber
(Nufern, SM-GDF-1550) wusing a commercial optical power combiner (Avensys,
MMCO02112E). The optical power combiner placed inside the spinning catheter allows light
from the multi-mode fiber (MMF) to be coupled to the cladding of the DCF, while it
optimally transceived the core light to/from the single-mode fiber (SMF) and the DCF. The
DCF was terminated by Diamond E2000 connector to interface with the DCF rotary junction.

At the distal tip, SMF and MMF were terminated by two angle-cleaved ball lenses as
shown in Fig. 3 (inset); one that delivered OCT light from the single-mode fiber [numerical
aperture (NA) of 0.12] to the tissue and simultaneously collected the back-scattered OCT
light from the tissue. The secondary angle-cleaved ball lens was placed at a distant position
(~1.5 mm) along the longitudinal direction. This ball lens (with a working distance of 1.5
mm) collected photons that were diffusely transported through the tissue. This configuration
can detect tissue contents that are within 500-1500pum depth of the tissue. Note that this
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design provides a method to combine the two technologies (OCT and NIRS) into one device.
Therefore, one can probe deeper into tissue by increasing the source-detector separation.

The OCT illumination optics at the distal tip of the catheter was designed to provide 30-
um lateral resolution, 10-um axial resolution, and 1.5-mm working distance. The diffuse
light, whose spectrum was modulated by the spectral signature (wavelength-dependent
absorption) of the tissue composition, was returned back via the multi-mode fiber with an NA
of 0.2. Note that all ball lenses are cleaved at an angle of 38 degrees, resulting in 38 degrees
deviation from normal beam incident onto the tissue. This deviation is particularly critical to
suppress specular reflection from the tissue surface. On the return path, the commercial
optical power combiner coupled the NIRS light into the inner cladding of the double-clad
fiber, while the OCT light was transmitted via the core of the same double-clad fiber (single
mode propagation).

OCT-NIRS Catheter ~Distal ond ™

MME IRS / optics

TO/FrOm «—> f > cl-ll IIIIII*_I p
Rotary Junction N DCF remngsnaes e

OCT fiber

o,
~ee

Fig. 3. Schematic for OCT-NIRS catheter. Inside the catheter, a single-mode fiber (SMF)
delivered and collected OCT light to/from tissue and a multi-mode fiber (MMF) collected
NIRS light. The two fibers were combined into a double-clad fiber (DCF) using a commercial
power combiner such that the OCT light transceived through the core of the SMF and DCF,
while NIRS light coupled to the cladding of the DCF. At the distal end (insets), the SM and
MM fibers were terminated by two angle-cleaved ball lenses for efficient delivery/collection of
OCT and NIRS light to/from tissue. In order to spin the catheter for cross-sectional dual-
modality imaging, all optical fibers, optical power combiner, and distal optics were housed in a
2.4-Fr driveshaft and stainless steel tubing.

In order to be able to spin the catheter for circumferential cross-sectional dual-modality
imaging, the fibers and power combiner were housed in a cardiovascular drive shaft (2.4-Fr
diameter) and stainless steel tubing. A transparent plastic sheath (800-um diameter) was used
to enclose the drive shaft and distal optics.

2.5 NIRS data processing

Following photo-detection of the NIRS light, a commercial data acquisition system (NI, USB-
6259) operating at a sampling rate of 1.25-MS/s was used to digitize the spectra. The NIRS
data processing was performed offline for each imaging session. First, each NIRS reflectance
spectrum corresponding to each axial scan was identified based on the OCT A-line number
and the number of data points digitized per NIRS spectrum. The first obtained NIRS
reflectance spectrum for full data set of the tissue under test was chosen as the reference. By
choosing a reference spectrum within the tissue, we can suppress the spectral change resulted
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from wavelength-dependent scattering and hence acquire spectral signatures resulted from
molecular overtones. All following reflectance spectra in that image were then divided by the
reference to remove the spectral background for that frame. The reciprocal of the resultant
background-corrected NIRS reflectance spectrum was computed to estimate the NIRS
attenuation spectrum. Note that the OCT-NIRS system in fact measures the attenuation of the
tissue. Since the scattering is nearly constant over the detection bandwidth and the reference
spectrum is chosen within the tissue, we call the resultant NIRS signal “absorption spectra.”

3. Results

To demonstrate our catheter-based OCT-NIRS for intravascular imaging, we performed
circular cross-sectional scanning of human coronary arteries ex vivo. While the OCT sub-
system provides axial scanning, full circular cross-sectional information is obtained by
spinning the catheter around its rotational axis at a speed of 1462 rpm (corresponding to
cross-sectional frame rate of 24 fps). The optical power on the tissue is set to ~16 mW. Both
OCT and NIRS data sets were recorded simultaneously such that one NIRS spectra was
captured per each OCT A-scan. NIRS data was processed according to the algorithm
described in section 2.5.

Fresh human coronary specimens are obtained from National Disease Research
Interchange harvested less than 24 hours postmortem. This ex vivo imaging study is approved
by the MGH Institutional Review Board (IRB) under the protocol Optical Imaging of Human
Vasculature (2004P000578). The sample was prepared by first removing the tissue from a
cadaver explant heart. The diseased coronary segment (~3-cm long) was placed on a petri
dish during the imaging session. In order to suppress the specular reflection from the tissue,
water was injected into the vessel, reducing the refractive index mismatch between the
protective plastic sheath and tissue.

Figure 4 shows two cross-sectional OCT-NIRS images of human coronary artery ex vivo,
obtained from different longitudinal locations along the artery. The NIRS image (red-hot
scale) illustrates the absorption spectra (versus wavelengths) for each A-line. Figure 4(a)
shows a lesion at 4 o’clock (denoted by arrow) that has low OCT backscattering. The NIRS
image exhibits a flat near-infrared absorption spectra over the lesion. Figure 4(b) shows a
cross-section of another lesion (denoted by arrow) that shows low OCT backscattering.
Previous studies [21, 26] have shown that the spectra associated with lipid content (e.g.
cholesterol) exhibit a negative absorption slope in the near-infrared wavelengths (1200-1400
nm). In the NIRS image [Fig. 4(b)], the area over the lesion appears to have higher absorption
(at shorter wavelengths) than elsewhere in the artery. This finding suggests that the plaque in
Fig. 4(b) contains abundant lipid. As such, this Fig. 4 demonstrates the capability of NIRS to
add complementary information, allowing one to discriminate between two plaques that are
similar in appearance by OCT. Note that the distance between the catheter and the tissue
surface does not affect the spectral signatures. In future studies, we will derive basis spectra
for the chemical constituents in plaques and will conduct Linear Analysis from the measured
spectra using these basis functions. This result showcases the ability of our OCT-NIRS
catheter and system to acquire microstructural images and associated absorption spectra.
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Fig. 4. OCT-NIRS images of cadaver coronary artery ex vivo. Both OCT images show lesions
with reduced backscattering. NIRS image shows absorption spectra of tissue versus
wavelength, representing the total attenuation normalized for the entire data set; ‘1’ and ‘0’
correspond to the maximum and minimum absorption within the data set, respectively. The
NIRS signal in (A) does not demonstrate a high lipid signal, while the NIRS signal in (B)
shows the presence of abundant lipid. These findings suggest that the lesion in (A) is does not
contain much lipid whereas the lesion in (B) is lipid-rich. Scale bars, 500 um.
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4. Conclusions

We have presented a dual-modality catheter-based optical coherence tomography (OCT) and
diffuse near-infrared spectroscopy (NIRS) capable of providing simultaneous microstructural
and compositional imaging. This modality combines two complementary imaging and
spectroscopy technologies into one device, providing information that will likely enhance
visualization, identification, and quantification of tissue contents. As a proof-of-concept
demonstration, we showed microstructural images and spectroscopic information obtained
from a human coronary artery ex vivo at 100-kHz scan rate. In the future, we will modify this
technology so that it can be used in human patients and will conduct studies to understand the
relationships between OCT and NIRS and the power of combining both in one instrument for
coronary artery diagnostics.
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