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Abstract: While optical coherence tomography (OCT) has been shown to
be capable of imaging coronary plaque microstructure, additional
chemical/molecular information may be needed in order to determine which
lesions are at risk of causing an acute coronary event. In this study, we used
a recently developed imaging system and double-clad fiber (DCF) catheter
capable of simultancously acquiring both OCT and red excited near-
infrared autofluorescence (NIRAF) images (excitation: 633 nm, emission:
680nm to 900nm). We found that NIRAF is elevated in lesions that contain
necrotic core — a feature that is critical for vulnerable plaque diagnosis and
that is not readily discriminated by OCT alone. We first utilized a DCF ball
lens probe and a bench top setup to acquire en face NIRAF images of aortic
plaques ex vivo (n = 20). In addition, we used the OCT-NIRAF system and
fully assembled catheters to acquire multimodality images from human
coronary arteries (n = 15) prosected from human cadaver hearts (n = 5).
Comparison of these images with corresponding histology demonstrated
that necrotic core plaques exhibited significantly higher NIRAF intensity
than other plaque types. These results suggest that multimodality
intracoronary OCT-NIRAF imaging technology may be used in the future
to provide improved characterization of coronary artery disease in human
patients.

©2015 Optical Society of America

OCIS codes: (170.4500) Optical coherence tomography; (170.3880) Medical and biological
imaging; (170.2150) Endoscopic imaging; (170.6820) Spectroscopy, fluorescence and
luminescence.
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1. Introduction

Coronary atherosclerosis is the major cause of coronary heart disease that results in more than
370,000 deaths per year in the United States [1, 2]. As estimated by ex vivo human cadaver
studies [3—6], approximately 60% of patients who die of acute coronary syndromes have thin-
capped fibroatheroma (TCFA) as the culprit lesion at the site of coronary thrombosis [3, 4].
TCFA are characterized histologically by the presence of a necrotic, lipid-rich core
underneath and a thin (<65 um) fibrous cap.

Optical coherence tomography (OCT) is a catheter based microstructural imaging
technology with an axial resolution of approximately 10 um [5]. OCT has been shown to
discriminate fibrous, lipid-rich, and calcified plaques [6—8] and measure cap thickness with a
resolution that is sufficient for the identification of thin fibrous caps (i.e., <65 pm) [8].

Although it is recognized that OCT is capable of enabling the visualization and
quantification of many important plaque microstructural features, its ability to be used to
differentiate necrotic core from non-necrotic lipid-rich lesions has not been established [9,
10]. In OCT, extracellular lipid manifests as a signal poor region that has diffuse borders with
respect to the surrounding tissues [10] and a rapid signal decay with depth. These features
result from high scattering and attenuation seen in lipid-containing tissues [11, 12]. However,
these negative contrast features are not specific for necrotic core, as both necrotic lipid and
non-necrotic lipid may have similar image characteristics. In addition, strong attenuation in
plaque may be caused by other tissue components, including macrophages and blood. Also,
OCT images can have artifacts (e.g., tangential signal dropout), which can also cause rapid
signal attenuation that mimics the appearance of lipid [13].

One approach for improving the diagnosis of TCFA is to add a second imaging modality
to the existing OCT imaging platform that provides a direct link to plaque composition. Near-
infrared autofluorescence (NIRAF) is one such imaging modality that may provide
complementary information about chemical/molecular tissue information [14]. Multiple
groups have investigated atherosclerotic plaque autofluorescence [15-19]. However, these
studies were limited to UV and visible light. In a previous Raman study of ex vivo human
aortic plaques [20], it was observed that necrotic cores appear to exhibit a strong NIRAF
signal (excitation wavelength is >700nm). This observation motivated the development of a
catheter-based imaging system combining OCT and red excited NIRAF (excitation 633nm,
emission 680-900nm) to further investigate the diagnostic potential of OCT-NIRAF for the
identification of TCFA.

In this paper, we describe the use of fiber-based NIRAF measurements to detect necrotic
cores in aortic plaques ex vivo and an OCT-NIRAF system and catheter to acquire
multimodality images from human coronary arteries from autopsy specimens. We have
compared the NIRAF and OCT-NIRAF images to histology in order to evaluate the potential
of NIRAF to add critical missing information to OCT. Our results indicate that catheter-based
OCT-NIRAF has the potential to enable improved diagnosis of necrotic core lesions.

2. Methods

The OCT technique used in this paper is optical frequency domain imaging (OFDI) [8], also
referred to as swept source OCT [21]. Reflected wavelength swept light from the tissue
(sample arm) and fixed mirror (reference arm) generates spectral interference. A Fourier
transform of the spectral interference is utilized to reconstruct the reflectivity as a function of
depth (A-line) that reveals the depth-resolved tissue microstructure. Cross-sectional images
are composed of continuously scanned A-lines, acquired while the optics within the catheter
are rotated. NIRAF emission was excited by continuous wave 633 nm light delivered onto the
tissue. A broad emission band was collected and integrated at each tissue site. Scanning the
tissue en face generated a NIRAF intensity map. To combine the two modalities for
multimodality intracoronary imaging, we simultaneously acquired NIRAF at the A-line rate
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of OFDI through the fiber optic catheter. The NIRAF probe is described in more detail in the
following subsections.

2.1 Bench top NIRAF detection of ex vivo aortic plaques
2.1.1 OCT-NIRAF probe

In order to test the feasibility of detecting NIRAF through an optical fiber, a 2-meter long
OCT-NIRAF probe using a double clad fiber (DCF) (FUD-3236, Nufern Inc., East Granby,
CT, USA) was fabricated. The probe was created by splicing a short segment of coreless fiber
to the distal end of the DCF, which was subsequently shaped into a spherical ball lens using a
computerized fiber splicer (FFS2000, Vytran Inc., Morganville, NJ, USA) [18]. The ball lens
is capable of focusing and collecting both OCT and NIRAF light to and from the tissue. The
single mode core of the DCF (mode field diameter 9.2 um, NA = 0.12) was used to guide
OCT light (center wavelength = 1310 nm, bandwidth = 120 nm), which was similar to that
employed in standard OCT catheters for clinical imaging [8]. The multimode inner cladding
(NA> = 0.46, diameter = 124-126 um, fiber outer diameter = 250 um) was used to guide 633
nm excitation light and to collect NIRAF tissue emission. The working distances for OCT and
NIRAF were 2 mm and 0.5 mm, respectively. The focal spot size for OCT and NIRAF was
27 pm and 100 pm, respectively. Since silica is a major component in the optical fiber, it is
necessary to avoid the silica Raman bands in the NIRAF detection window. Figure 1 is a
typical silica Raman spectrum measured from fused silica. The spectrum is overlaid with the
pass band of our long pass NIRAF emission filter (cut-off wavelength = 675nm, Semrock,
Rochester, New York, USA). This integration window avoids the major Raman peaks (640-
670nm).
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Fig. 1. Typical silica Raman spectrum obtained from fused silica. The red dashed rectangle
shows our NIRAF emission window, which avoids the major silica Raman peaks.

2.1.2 Bench top NIRAF imaging system

To conduct en face imaging of ex vivo aortic plaques, a bench-top NIRAF system was custom
built. Light from a single mode fiber coupled 633 nm He:Ne laser (Thorlabs, New Jersey,
USA) was cleaned by a narrow line band pass filter (Semrock, Rochester, New York, USA),
coupled into the cladding of the OCT-NIRAF probe and focused onto the tissue by the ball
lens. The raster scan of the beam on the tissue was achieved by a motion controller (ESP301,
Newport Corp., Irvine, CA, USA). The remitted NIRAF light from tissue was collected by the
cladding. A long pass filter with a cut-off wavelength of 675 nm (Semrock, Rochester, New
York, USA) was used to remove the remitted laser light and silica Raman generated by the
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fiber. The collected NIRAF light (emission wavelength range 675nm to 900nm) was focused
onto a photomultiplier tube (PMT, model H-5784, Hamamatsu, Japan) operating at 40 kHz,
which is the same as the A-line rate of the OCT-NIRAF system used in the coronary artery
measurement below. The PMT output was digitized by a data acquisition board (PCA-6110,
National Instruments, Texas, USA).

2.1.3 Experimental protocol

En face NIRAF imaging of 20 fresh human aortic atherosclerotic plaques was conducted ex
vivo, including necrotic core plaques (n = 5), pathological intimal thickening (n = 5),
fibrocalcific plaques (n = 5), and intimal hyperplasia (n = 5). The plaques were dissected from
human cadaver aortas within 24 hours after autopsy and saved in 10% phosphate buffered
saline (PBS) at 4 °C. The plaques were kept flat in 10% PBS at 37° C during bench top
NIRAF imaging. The excitation power measured at the distal end of the catheter was 2 mW.
The ball lens was held 2 mm from the plaque surface. During the scan, the probe was held
still, while the motion controller raster scanned the tissue in two dimensions. The step size
was 250 pm along both X and Y direction. The fiber background was estimated by focusing
the probe into the air; the resulting signal was recorded as a baseline, which was subtracted
during post-processing. The study was approved by Partners IRB (protocol 1#2004P000578).

2.1.4 Histology processing

After the scan, the corners of the tissue region that was imaged and the tissue sites that were
to be dissected for histology were labeled with tissue marking dye. A photo of the tissue
region was taken by a digital camera to provide gross pathology. The NIRAF map was
registered with tissue gross pathology using the marks on the corners. The NIRAF intensity
profile was also registered with the tissue specimen that was then dissected, fixed in 10%
formalin, and processed for histology (H&E, Trichrome). A board-certified pathologist read
all histology slides and provided a diagnosis of plaque type.

2.1.5 Data processing

The fiber background was subtracted from the raw NIRAF data. The corrected NIRAF data
was divided by the 633 nm excitation power. The two-dimensional NIRAF image was
reconstructed according to the raster scan pattern and registered with the gross pathology
photo using the tissue-marking-dye labels. The NIRAF intensity profile was extracted from
the sites where the specimen was cut for histology. Since the scan was operated by a linear
motion stage, the NIRAF points were evenly distributed across the tissue specimen.

2.1.6 Data analysis

NIRAF and histology data from a total of 20 aortic plaques from 10 patients were collected
and compared. For each plaque, the NIRAF intensity profile was spatially registered with
corresponding histology slide. Individual NIRAF intensity data points were selected from
tissue sites within the regions of interest (ROI). The ROIs were defined using histology as
follows: for NC plaques, the ROI encompassed tissue sites that contained necrotic core; for
PIT plaques, the ROI delineated the extracellular lipid pool; for CA plaques, the ROI flanked
the calcified nodule/plate; for IH lesions, the ROI was set at the tissue sites that contained
intimal thickening. The histopathologic diagnosis for each NIRAF data point was tabulated.
NIRAF intensity data points from the same type of plaques were combined for comparison. A
total of 115, 100, 123, 133 sites were selected from NC, PIT, CA, and IH regions,
respectively. The NIRAF intensity was normalized by the maximum intensity measured from
all of the tissue sites. Differences in normalized NIRAF intensities between all lesion types
were analyzed using one-way analysis of variance (ANOVA). Differences between two
different lesion types were analyzed using a one-tailed Student’s t-test. A p value of less than
0.05 was considered statistically significant.
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2.2. Catheter based OCT-NIRAF imaging of human coronary arteries ex vivo
2.2.1 OCT-NIRAF catheter

The OCT-NIRAF imaging catheter was fabricated using the same DCF employed for the
bench top experiments described above. The catheter was created by inserting the DCF probe
discussed in section 2.1 into a stainless steel drive shaft allowing for mechanical rotation of
the catheter. The drive shaft was enveloped by a soft transparent plastic sheath to protect the
vessel wall during shaft rotation [18]. The outer diameter of the fully functional catheter
(including the plastic sheath) was 0.87 mm (2.6 F), identical to that of a standard clinical
OFDI catheter [8]. Since the optical core was identical to that of the OCT-NIRAF probe in
Section 2.1.1, the working distances for OCT and NIRAF were 2 mm and 0.5 mm,
respectively. The focal spot sizes for OCT and NIRAF were 27 pum and 100 um, respectively.

2.2.2 OCT-NIRAF preclinical imaging system

Computer | He: Ne II @
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- pbaa H emt |
Ref
90:10 coupler Srencel spom
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laser
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Fig. 2. OCT-NIRAF system schematic. BP — band pass filter, LP — long pass filter, SPDM —
short pass dichroic mirror, LPDM — long pass dichroic mirror, DAQ — data acquisition board.
The catheter was connected to the rotary junction, which rotated the optics within the sheath.
The rotary junction was translated by a pullback tray to effectuate a helical scan.

To acquire OCT-NIRAF images from ex vivo coronary arteries through a catheter, a recently
developed multi-modality OCT-Fluorescence imaging system [22] (Fig. 2) was modified. A
single mode fiber coupled 633 nm He: Ne laser (Thorlabs, New Jersey, USA) was used for
NIRAF excitation. The 633 nm laser source was coupled into the cladding of the catheter
using long pass dichroic mirrors (cut-off wavelength is 635 nm) within the rotary junction.
NIRAF emission was collected by the cladding of the catheter and guided back to the rotary
junction, where the back scattering excitation and fiber-Raman photons were removed using a
long pass filter (cut off wavelength is 675 nm). The collected NIRAF signal (emission
wavelength 675- 900nm) was focused onto a PMT (H-5784, Hamamatsu, Japan) and digitized
by a data acquisition board (PCA-6110, National Instruments, Texas, USA). The NIRAF
excitation power on the tissue was 2 mW.

The OFDI module comprised a 40 kHz swept source laser with a center wavelength of
1310 nm and a bandwidth of 120 nm (i.e., 1250-1370 nm). The light from the sample arm
was coupled into the imaging catheter by the rotary junction and focused onto the tissue. The
interference between the reference arm and the back reflected light from the tissue through
the core of the catheter was recorded by a dual-balanced detector. Signals from the dual
balanced detector and the PMT were simultaneously digitized for subsequent processing.
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2.2.3 Experimental protocol

Fresh explant human hearts (n = 5) were obtained from Capital Biosciences Inc.
(Gaithersburg, MD). Hearts were packed in University of Wisconsin solution with ice
bedding and shipped within 24 hours after the harvest procedure. The 3 main coronary
arteries from each heart were dissected, including the right coronary artery (RCA), the left
circumflex artery (LCA), and the left anterior descending artery (LAD). Before the
experiment, the lumen was flushed with PBS to facilitate catheter access. During the
experiment, to maintain the natural diameter and shape of the coronary lumen, PBS from a
peripheral IV line flowed through the coronary. The PBS liquid pressure was around 110
mmHg, which was considered adequate to maintain the natural shape and size of the lumen.

As detailed above, the power of 633 nm NIRAF excitation light on the tissue was set to 2
mW. The sampling rate of NIRAF signal was 40 kHz, enabling integration of the NIRAF
emission within the period of a single A-line. Each OFDI frame consisted of 1,024 A-lines,
with a frame rate of 39 frames/sec (40 kHz/1024). The rotary junction was operated at 39
rotations per second so each OFDI image covered one rotation. The pullback rate was 5
mm/s. Before the experiment, the catheter was immersed in PBS so as to acquire an OCT
background and NIRAF baseline.

Each coronary artery was fastened on cork and covered with PBS-containing wet gauze
pad. The sheath was inserted into the coronary artery and the starting point of the pullback
was labeled with tissue marking ink. PBS from a peripheral IV line continuously flushed the
coronary artery lumen until the pullback scan was finished. The length of the pullback was
between 5 cm to 10 cm, depending on the actual length of the coronary artery. The endpoint
of the pullback was also labeled by tissue marking ink. The study was approved by Partners
IRB (protocol 1#2004P000578).

2.2.4 Histology processing

After the scan, the coronary arteries were perfused with a 10% formalin flush for 20 minutes.
This tissue fixing procedure maintained the shape and size of the coronary lumen, which
facilitated the comparison of OCT-NIRAF images and histology. The fixed coronary artery
was bread loafed with 5 mm spacing. Each specimen was paraffin fixed and 5 um sections
were cut every 100 um and stained with H&E and Trichrome. Since the start and end points
of the OCT-NIRAF pullback were marked on the coronary artery tissue before cutting, the
position of each histology slide was matched with OCT-NIRAF frame. A board-certified
pathologist read all histology slides and provided a diagnosis of plaque type.

2.2.5 Data processing
The post-processing of OCT-NIRAF data sets included the following steps:

a) Background removal: The OCT background images of PBS solution were averaged
and subtracted from each OCT image of the coronary artery; the NIRAF background
signal of PBS solution was also averaged and subtracted from the coronary NIRAF
intensity profile.

b) Distance calibration: Since the intensity of the detected NIRAF signal drops as a
function of the distance between the imaging catheter and the vessel wall, the
NIRAF signal was corrected accordingly. The distance between the imaging catheter
and the luminal surface was measured using OCT images by the means of an
automatic segmentation algorithm, as previously described [23]. The NIRAF signal
was corrected using a predetermined calibration curve that relates the true NIRAF
signal to distance between the catheter and the luminal surface [23].

¢) NIRAF signal normalization: To compare NIRAF intensity among different plaques
and pullbacks, all final NIRAF data were normalized by dividing the maximum
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NIRAF intensity from all plaques in this study. As a result, the NIRAF scale for all
presented images ranges from 0 to 1. The normalized NIRAF signal was rendered as
a ring shaped image, where each NIRAF data point matches the corresponding OCT
A-line at each given rotational position of the catheter. The ring image and the OCT
image were merged into different color channels (e.g. Fig. 6 and Fig. 7).

2.2.6 Data analysis

A total of 15 coronary arteries from 5 human cadaver hearts were imaged using the
multimodality OCT-NIRAF system and catheter. From these 15 coronary arteries, we
analyzed NIRAF intensity from 37 distinct artery wall regions: coronary necrotic
core/ruptured plaques (n = 3), pathological intimal thickening plaques (n = 2), calcified
plaques (n = 12), and regions of intimal hyperplasia (n = 20). Using morphological features
from the OCT image, NIRAF intensity profile across each OCT-NIRAF frame was spatially
registered with the corresponding histology slide. Since the rotary junction was operated at a
constant rotation and pullback speed, NIRAF intensity points were evenly acquired and
matched to histology. Individual NIRAF intensity data points were selected from tissue sites
on the coronary ROIs, which were defined in the same way as the analysis of aortic plaque
NIRAF, as described above (NC region from NC plaques, extracellular lipid pool from PIT
plaques, calcified nodule/plate from CA plaques, intimal thickening from IH lesions). The
histopathologic diagnosis for each NIRAF data point was tabulated. NIRAF intensity data
points from the same type of plaques were combined together for comparison. A total of
1200, 1253, 1491, 1554 sites were selected from NC, PIT, CA, and IH regions, respectively.
The NIRAF intensity was normalized by the maximum intensity among the selected coronary
tissue sites. Differences in normalized NIRAF intensities between all lesion types were
analyzed using one-way ANOVA. Differences between two different lesion types were
analyzed using a one-tailed Student’s t-test. A p value of less than 0.05 was considered
statistically significant.

3. Results
3.1 Bench top NIRAF imaging of aortic plaques

An example of bench top NIRAF images is shown in Fig. 3. This figure shows the gross
pathology (Fig. 3(a)), the NIRAF intensity image (Fig. 3(b)), the Trichrome-stained histology
section of a necrotic core plaque (Fig. 3(c)), and the NIRAF intensity profile along the
histology section. As can be seen in panels 3b and 3d, the NIRAF signal is elevated over the
necrotic core, demarcated by the red circle in Fig. 3(c).

Figure 4 shows the comparison of NIRAF intensity among the four types of aortic lesions.
One-way ANOVA indicated that there is a statistically significant difference between the
NIRAF signal intensity for the different lesion types (p<0.001). Using a Student’s t-test, we
compared the mean NIRAF intensity of NC plaque with those from non-necrotic lesions (PIT,
CA, IH). The mean NIRAF signals of NC plaque were significantly higher than each of the
non-necrotic lesions (PIT, CA, IH) (p<0.001). These findings suggest that NIRAF may be
used to differentiate NC plaque from non-necrotic lesions.

The aortic plaque measurements demonstrate the feasibility of detecting NIRAF with a
fiber-based DCF catheter. In the next section, we describe the results from catheter-based
OCT-NIRAF imaging of human coronary arteries ex vivo.
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Fig. 3. Images of a representative human aortic plaque. a) Photo of the plaque measured by
NIRAF; b) the NIRAF 2D map of the plaque. The blue dashed line labels the tissue site cut for
histology. The blue square and the red asterisk indicate the orientation of the NIRAF image
with respect to the histology. ¢) Corresponding Trichrome-stained cross-sectional histology,
taken at the site of the dotted blue line in (b). The red circle in (c) highlights the necrotic core
region. d) NIRAF intensity profile along the histology section in (c). The blue dots are the
individual NIRAF intensity data points.
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Fig. 4. Comparison of NIRAF intensity of diseased sites from different aortic plaque types,
excited by 633 nm light. NC — necrotic core, PIT — pathological intimal thickening, CA —
calcified plaque, IH — intimal hyperplasia.
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3.2 OCT-NIRAF catheter based ex vivo imaging

Pullback distance {mmy} 30

Fig. 5. NIRAF intensity map from a human cadaver coronary artery (LCx). Dashed line -
intimal hyperplasia, Dotted line — calcified plaque. The vertical axis is the imaging angle (0 to
360 degrees) and the horizontal axis is the pullback direction (0 to 50 mm). Image orientation
is distal (left side) to proximal (right side) portion of the vessel. The color map ranges from
blue (low NIRAF intensity) to green, yellow and white (highest NIRAF intensity).

A representative 2-D NIRAF en face intensity map obtained from a coronary artery is shown
in Fig. 5. This artery was a diagonal branch of the left anterior descending artery (LAD),
approximately 50mm in length. The x-axis of the 2D NIRAF intensity map corresponds to the
longitudinal pullback position, and the y-axis, the scanning angle (i.e., 0 to 360 degrees).
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Fig. 6. OCT-NIRAF composite images and corresponding H&E stained slides. a) OCT-NIRAF
image of neointimal hyperplasia; taken at the location of the dashed line in Fig. 5; b) OCT-
NIRAF image of a fibrocalcific plaque, taken at the location of the dotted line in Fig. 5. The
red dotted line delineates the calcified region on OCT. ¢) Corresponding H&E stained slide for
the OCT-NIRAF image in (a) showing intimal hyperplasia; d) Corresponding H&E stained
slide for OCT-NIRAF image in (b), showing a fibrocalcific lesions. The dotted lines in (b) and
(d) outline the region of calcification in the fibrocalcific plaque. Scale bars represent 1 mm.
The arrows in (b) and (d) point to regions where the calcification abuts the luminal surface.
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1mm

Fig. 7. Composite OCT-NIRAF image and corresponding histology for a non-necrotic lipid
containing plaque (Pathological Intimal Thickening—PIT). a) The OCT image indicates the
presence of an area of high attenuation suggestive of lipid pool (star). The NIRAF signal is
elevated, but only moderately so, over the lipid pool location. b) H&E stained slide confirming
that this lesion (star) is pathological intimal thickening. The scale bars for both (a) and (b)
represent 1mm.

Composite OCT-NIRAF cross-sectional images and histology from this specimen are
shown in Fig. 6 and Fig. 7. Figure 6(a) shows an OCT-NIRAF image of a region
histologically determined to be IH by the means of H&E staining (Fig. 6(c)). The central
gray-scale image in Fig. 6(a) is the OCT image, which shows typical IH tissue appearance,
and is characterized by a thin layer of homogeneous tissue presenting a low attenuation and a
high backscattering coefficient [11]). The colored ring encircling the OCT image represents
the co-localized NIRAF signal, which has a low NIRAF intensity (dark blue) and a constant
value at the different angular positions for this IH case.

Figure 6(b) shows an OCT-NIRAF image of a calcified plaque. The gray scale OCT
image shows a region with a low and heterogeneous OCT signal with sharply delineated
borders indicative of a calcium plate [6] from 10 to 5 o’clock, which is confirmed by the
corresponding H&E stained slide (Fig. 6(d)). Co-localized NIRAF (Fig. 6(b)) shows that the
calcified region has a moderate NIRAF intensity is significantly higher than the remainder of
the cross-section, which is primarily comprised of intimal hyperplasia (IH).

Figure 7 shows an OCT-NIRAF image of a pathological intimal thickening plaque. The
OCT image in Fig. 7(a) shows signal attenuation from 6 to 9 o’clock, with a diffuse border,
indicating a lipid pool, which is confirmed by the corresponding H&E stained slide (Fig.
7(b)). The co-localized NIRAF in Fig. 7(a) shows moderate NIRAF intensity over the lipid-
rich intima, while the rest of the cross-section shows a lower signal in areas of intimal
hyperplasia (IH).

Figure 8 shows OCT-NIRAF images and corresponding histology from the right coronary
artery of another explant heart. The corresponding H&E stained slide (Fig. 8(b)) shows a
TCFA with cap rupture. Co-registered OCT-NIRAF images (Fig. 8(a)) show a very high
NIRAF signal remitted by the necrotic core plaque. The OCT image (Fig. 8(a)) displays a
typical appearance seen in lipid-rich plaques, showing both high backscattering and high
attenuation coefficients [6, 11].

Catheter-based NIRAF signal intensity results for different coronary lesion types are
shown in Fig. 9. The NIRAF intensities from NC, PIT, CA and IH, were statistically
significantly different according to one-way ANOVA (p<0.0005). Using a Student’s t-test,
the NIRAF intensity of NC plaques was again significantly higher than those from non-
necrotic lesions (p<0.0005). The calcified plaques in the coronary arteries showed slightly
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higher NIRAF than PIT. One possible reason for this finding is that the calcified coronary
plaques in this study were advanced and coexisted with significant extracellular lipid. The
finding that NIRAF can differentiate NC and non-NC plaques (CA and PIT) in coronary
arteries ex vivo is in agreement with the bench top measurement of human aortic plaques,
described above. These results indicate that catheter-based OCT-NIRAF may be capable of
discriminating coronary NC lesions.

a) (b)

Fig. 8. Composite OCT-NIRAF image and corresponding histology for a ruptured necrotic
core plaque. a) The OCT image indicates the presence of a plaque rupture (arrow) and area of
high attenuation suggestive of a lipid pool or necrotic core (star). The NIRAF signal is high at
over the necrotic core location. b) H&E stained slide confirming that this plaque is a ruptured
TCFA. The scale bars for both (a) and (b) represent Imm.
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Fig. 9. Box plot comparison of NIRAF intensity for different types of coronary lesions. IH -
intimal hyperplasia, CA - fibrocalcific, PIT — pathological intimal thickening, NC — necrotic
core plaque.

4. Conclusion

In this paper, we have shown that NIRAF excited at 633 nm with emission collected between
675 and 950 nm is significantly higher in necrotic core lesions than other plaque types ex
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vivo. We have demonstrated that NIRAF can be collected using the cladding of a DCF and
OCT can be performed through the single-mode core, making it possible to construct OCT-
NIRAF catheters for imaging coronary arteries. Finally, we have shown that multimodality
OCT-NIRAF system and catheters can be used to image human coronary arteries ex vivo,
providing complementary information that can potentially improve the diagnostic accuracy
for detecting necrotic core lesions during intracoronary imaging. Future work will be focused
on identifying the molecular source of this NIRAF signal and conducting intracoronary OCT-
NIRAF in human patients.
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