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Optical coherence tomography (OCT) is a relatively new imaging modality similar with ultrasound where the sound waves are replaced by

ballistic photons. OCT provides images at high spatial resolution which allow for the identification of micron size morphological tissue structures.
A high impact application is visualization of arterial wall and atherosclerotic plaques. Despite high spatial resolution to complete the transfer
of this imaging modality into clinical environment there is a need for markers which would quantify the physiological condition of the sample.
Finding the proper markers is a topic of high interest for many research groups. A potential marker suggested by the OCT community is the
optical attenuation coefficient. Although OCT image itself provides important diagnostic and structural information there are also new methods of
tissue characterization that have been developed through spectroscopic OCT and quantitative OCT. Spectroscopic OCT investigates the spectral
response while the quantitative OCT extends the investigation to non-spectral parameters. Here we investigate two procedures for calculation of
optical attenuation coefficient dependence versus wavelength. The wavelength analysis will provide new insight into the chemical nature of the
sample, because the spectral backreflected signal depends on sample absorption and scattering properties. In this study we demonstrate the
application of OCT for quantitative and spectral analysis of vulnerable plaque morphology on Watanabe heritable hyperlipidemic — myocardial
infarction (WHHLMI) rabbit model. The results suggest that the spectral dependence of the derived OCT attenuation coefficient can be used
for tissue differentiation. We demonstrated that differences and the spectral dependence of the optical attenuation coefficient are linked to the

macrophage content of the region of interest.
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Introduction. Currently, optical coherence tomography
(OCT) is the only intravascular imaging modality with
spatial resolution that allows visualization of the subsurface
vascular wall morphology for plaque assessment [1, 2].
Atherosclerotic lipid plaques have different compositions
and morphologies with some significantly more prone to
rupture or erosion of the fibrous cap than others. They
are classified in five types of lesions (I-V). Amongst
these, type IV lesions are known as atheromas while
type V is characterized by the presence of more fibrotic
tissue than type IV. It is currently believed that the IV
and V types are the most risky and prone to the rupture
of the fibrous cap. The purpose of imaging vulnerable
plagues using OCT is the identification of three types of
morphologies that relate to risk: lipid pools, fibrous caps
and calcified regions. Within the arterial OCT images,
the following qualitative feature identifiers were proposed
in regard to these morphologies [3]: 1) calcifications
within the plaque are identified by the presence of low
backscattering heterogeneous regions with well-delineated

boundaries, 2) fibrous tissue appears homogeneous with
strong signal backscattering, and 3) lipid pools appear as
regions with ill-delineated boundaries and relatively high
signal attenuation. There is wide acceptance of these
qualitative rules to differentiate among the aforementioned
tissue morphologies [4], based on extensive comparisons
between OCT and histological images [5]. It has been
established that OCT has high sensitivity and specificity
for characterization of plaques as validated by histological
examinations. Yabushita et al. [6] performed a qualitative
OCT image classification scheme using more than 300
excised human artherosclerotic arterial segments by
comparing them with corresponding histology. It was
concluded that OCT had a sensitivity and specificity of
71-79 and 97-98% for fibrous regions, 95-96 and 97% for
fibrocalcific regions, and 90-94.5 and 90-92% for lipid-rich
plagues, respectively. Other reports analyzing the optical
attenuation for arterial tissue have been published [7-9].
However, despite the consensus guidelines for
evaluating the plaque morphology, more parameters are
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required to better differentiate and assess different tissue
structures, and to further increase OCT’s sensitivity and
specificity.

In this paper, we describe a method to extract the spectral
dependence of OCT attenuation coefficients within arterial
tissue for different wavelength ranges within the bandwidth
of the OCT light source. These spectroscopic OCT
approaches hold promise for a more comprehensive tissue
analysis and clinical differentiation. Several spectroscopic
approaches have been reported [10-12], some of them
complex and computer/time demanding; therefore we
are suggesting here a simple and fast method with high
potential for tissue differentiation.

Materials and Methods. The OCT setup used in this
study has been described previously [13, 14] and it is not
going to be repeated here in detail. The OCT system used
in this report is based on a quadrature interferometer [15]
which allows the extraction of both real and imaginary
components of the complex interferometric signal [16]. We
used balanced detection detectors (Thorlabs, Inc., USA)
and two acquisition channels with a high speed digitizer
(AlazarTech Inc., Canada) and a commercially available
swept-laser source (Santec, Japan) with a 110 nm spectral
range (centered around 1310 nm) and 20 kHz repetition
rate. The signal reflected by the sample is amplified by a
semiconductor optical amplifier (Covega, USA) before being
distributed to the detection stage. Overall, the OCT system
used proposed here shows an increase of the signal to
noise ratio up to 7 dB at a depth of 0.5 mm, compared to a
“conventional-architecture” OCT system [13].

Note that the catheter design and fabrication [17] is a
critical requirement in obtaining relevant images.

Arterial tissues. Samples in this study were ex
vivo coronary arterial tissue from Watanabe heritable
hyperlipidemic — myocardial infarction (WHHLMI) rab-
bits [18]. WHHLMI rabbit was developed as an animal
model for spontaneous myocardial infarction by serial and
selective breading of the coronary atherosclerosis-prone
Watanabe heritable hyperlipidemic (WHHL) rabbits [19].
WHHLMI rabbits are characterized by the high incidence
of fatal myocardial infarction at relatively early ages. The
histological examination [18] of arterial tissue collected
from suddenly deceased (“natural”, spontaneous pathology
occurrence) WHHLMI rabbits exhibit severe atheromatous
plagues with more than 90% lumen being stenosed
and near-rupture features: thin fibrous cap with a large
lipid core and calcium accumulation mixed with a large
number of macrophages. These features are consistent
with vulnerable plaques, but with no rupture or luminal
thrombosis detected [18]. This observation is consistent
with a previous report [19] showing the same (no rupture of
vulnerable plaques) characteristics in the previous strain of
WHHL rabbits.

For the presented study, arterial segments from several
WHHLMI rabbit specimens were snap-frozen and stored at
—80°C after they were harvested. In this report we used six
samples of arterial tissue and imaged six to ten locations
in each case. After a short period of thawing at room
temperature, the arterial samples were cut open to expose
their inner luminal surface to the OCT beam. The acquisition
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of images was conducted at room temperature. The OCT
imaging catheter was used in the forward-viewing geometry
(+/-1.5 mm lateral scans enabled by a galvo-scanner, as
described in [13, 14, 17]).

Model for optical attenuation coefficient and its
dependence on wavelength. The OCT signal is attenuated
due to scattering and absorption of light within the turbid
medium of the biological sample. The attenuation coefficient
can be calculated by fitting the experimental A-scan with
a model based on single or multiple light scattering. In
a single scattering model, it is assumed that only light
backscattered once contributes to the OCT signal [20].
As a further refinement, Thrane et al. [21] proposed a
model of the OCT signal that considers multiple scattering.
Faber et al. [22] discussed in detail single versus multiple
scattering models used in the analysis of OCT signals. In
the case of the single scattering model, the fit parameter is
the attenuation coefficient, while in the case of the multiple
scattering there were two parameters, the attenuation
coefficient and the root-mean-square scattering angle.
The goodness-of-fit for both models was evaluated [22] by
comparing the correlation coefficient R? between the model
prediction and the experimental A-scans. For our research,
the single scattering model consistently yielded a better fit to
the experimental data with higher R? values [9]. This finding
is not surprising, since during imaging the confocal and the
coherence gates were purposely overlapped (by design)
in order to reduce the contribution from multiple scattering
to the OCT signal. We therefore conclude that a single
scattering model offers an accurate description of our OCT
data and is suitable to model the OCT signals acquired in
this study. In this model, the mean photo-detector current
is directly related to the OCT signal generated at the
corresponding depths within the sample, as described
by [9, 20]:

i(z)oc\/h(z)exp (—2 ua,tz), (1)

where i(z) represents the photo-current as a function of
depth z, h(z) is the axial point spread function of the OCT
imager and p,, is the attenuation coefficient of the OCT
signal.

Recently a new OCT theoretical model was suggested
by Turchin et al. [23, 24] which account for multiple
scattering event and uses the total scattering coefficient,
backscattering probability and the variance of a small-angle
scattering function as fitting parameters.

We have previously demonstrated that the optical
attenuation coefficient can differentiate arterial tissue
morphology [20]. The attenuation of the OCT signal can be
calculated by using one of the following two algorithms: (i)
applying the fit of Eq. (1) on each individual A-scan, then
statistically processing the results over all A-scans
contained within the selected region of interest (ROI), or
(i) averaging all A-scans available in the ROI followed by
fitting of Eq. (1) to the compounded depth profile. Here we
investigate both approaches and designate the results as
fit-then-average (FTA) and average-then-fit (ATF) for the
case (i) and (ii) respectively.

The backscattered signal is non-stationary with both time
(space) and frequency (wavenumber) variations. The axial
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resolution of an OCT image is determined by the bandwidth
of the light source and maximum spatial resolution is
reached by using the whole light source spectrum in
calculating the depth reflectivity dependence by inverse
Fourier transform. While the maximum spatial resolution
is reached in this case, the spectral information is not
utilized. In order to extract the depth resolved spectroscopic
information using a time domain OCT system, Morgner et
al. [25] has proposed a short time Fourier transform (STFT)
or a continuous wavelet transform. A similar approach was
proposed for Fourier domain OCT [26]. The extraction of
spectral dependence of optical properties uses a time-
frequency analysis. However, time-frequency uncertainty
principle limits the spatial and spectral resolution, so
there is an inherent trade-off between them. To overcome
this, Robles et al. [27] have recently proposed a dual-
window method to extract the spectroscopic information
while maintaining the spatial resolution, thus bypassing
the spatial-spectral compromise. Their initial findings are
promising, but computationally quite complex. In this study,
we thus focus on a fast, reliable and simple method that can
provide the operator with an on-line, real-time evaluation of
features of interest.

In this study, we used a spectral resolution of ~11 nm. This
bandwidth preserves some of the main features recorded
on the OCT images acquired using the full spectrum of the
swept-source. The swept laser source had a bandwidth of
AA=110 nm (centered around 1320 nm) which corresponds
to bandwidth in k-space of Ak=0.397 um-' (centered around
k,=4.76 pm'). The selected 11 nm spectral resolution was
obtained by dividing the 110 nm bandwidth of the light source
in ten intervals (N=10). Therefore the spectral properties
obtained are averaged over an 11 nm bandwidth. From
this point, there are two options available: 1) working with
the constant wavelength interval approach, i.e. selecting
a wavelength interval of 11 nm or 2) using a constant
wavenumber interval — selecting a spectral interval of
Ak=0.0397 pm-'=Ak/10. Due to the inverse proportionality
relation between wavelength and wavenumber, a constant
spectral interval of Ak=0.0397 pm~' does not correspond to
constant wavelength interval across the whole swept-source
bandwidth. It is known that by selecting a constant spectral
interval in the k-space (option (2)) the spatial resolution is
constant for each group of B-scan images corresponding
to each one of the ten spectral intervals. Therefore, the
spatial resolution of an OCT image calculated for a spectral
interval Ak is

1 Noz, 2
0Z, (oK)= 55 N ()

where Ak is the spectral interval width in k-space, N is
the number of spectral intervals (here N=10) the available
spectral domain has been divided into, and 8Z5 is the spatial
resolution corresponding to the whole spectral bandwidth of
light source.

The OCT system used for this study utilizes a Fourier
domain swept-source engine; thus spectroscopic analysis
can be done using a short-frequency Fourier transform
(SFFT) which the equivalent of the STFT in the time
domain. The A-scan is re-calculated to determine the
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spectral dependence by using a filter w(k,, 6k) with a
spectral interval width of Ak centered at k,, k, being the
center of each spectral interval and equally distributed
over the k-space associated with the source spectrum.
As discussed recently [28, 29] the shape of this filter
(Gaussian, smoothed rectangular and rectangular) is
relevant and linked to the accuracy of the extracted
spectral properties. In this work we used the rectangular
filter which seems to be giving the most accurate results.
The re-calculated A-scan is described by

i(z,k,)=FT "{w(k,,ok)S(k)I(K)}, (3)

where S(k) is optical power spectral density of the light
source and /(k) is the optical intensity on the detector.

Ten images (B-scans) are extracted, each
one corresponding to a constant spectral interval
(Ak=0.0397 pm-") centered at

kn=k0+,AV—k( _15) n=1, ..., 10, (4)

where k, is the smallest wavenumber (largest wavelength)
within the light source bandwidth. For the OCT system
used in this study, the spatial resolution of each spectrally
separated B-scan is 19 pym (calculated with Eq. (2)). With
this approach the spectral response of the sample in
each of these spectral intervals has been determined at
the expense of slightly reduced spatial resolution. If the
spatial resolution is sufficient to distinguish regions with
different known pathologies, then the reduced-resolution
OCT images come with the added benefit of local optical
properties (attenuation coefficient) determination.

Results and Discussion

Qualitative description of arterial tissue. The
correlation between OCT and histological images are
strong, as demonstrated previously [30, 31]. OCT contrast
relies on changes in refractive index that modulate tissue
scattering and absorption properties. Extensive OCT
reports, validated by histology, were published that have
identified the morphological feature specific to vulnerable
plaque. The plaque features of interest are the presence and
the geometrical dimension of thin fibrous cap, necrotic lipid
core and the accumulation of macrophages. However the
assessment of plaque by OCT remains largely qualitative,
with the exception of the measurement of the thickness
of the fibrous cap covering necrotic lipid areas. Recently,
quantitative OCT evaluation of arterial tissue using the
attenuation and the back scattering coefficients has been
reported [2].

Spectroscopic attenuation coefficient analysis.
Previous section presented a somewhat qualitative
description of OCT images. To quantify the OCT findings, we
now calculate the optical attenuation coefficient of the OCT
using the single scattering model and fixed geometry by fitting
the A-scan from within the selected ROI (Figure 1) with Eq.
(1). The size of the ROI is 330x135 (width x depth) pixels,
which corresponds to a geometrical size of 1099x567 pm?.
According to the above-mentioned guidelines for
morphological interpretation of the OCT image, the selected
ROI lies in a lipid pool region. Two different algorithms
are investigated: (i) fit-then-average, FTA, where a fit is
performed on each A-scan, followed by a statistical analysis
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Figure 1. OCT image of arterial tissue, with a selected region of interest
encompassing a large lipid accumulation
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Figure 2. The Gaussian probability distribution function of the optical
attenuation coefficient p,, calculated by fitting Eq. (1) to each of the
330 A-scans (FTA analysis) within ROI indicated in Figure 2. Inset: the
Gaussian probability distribution function of the correlation coefficient
calculated between the fit and the section of A-scan part of ROI

-0.6
pn=(2.531+£0.05) 1/mm
S -0.8-
s
(0]
©
2
3 -1.0-
IS
®
c
@
® -1.24
<
-14
T T T T T
0.6 0.8 1.0
Distance (mm)

16 STM [ 2015 — vol. 7, No.1

of the individually-derived attenuation coefficients,
and (ii) average-then-fit, ATF, where an average
of all A-scans is followed by a fit on the averaged
A-scan for attenuation coefficient extraction.
There has been no reported comparison of these
two algorithms in the literature. One may expect
them to perform differently because of speckle —
by averaging (compounding) the A-scans before
fitting as per ATF algorithm (ii), a reduction of the
optical speckle effects is expected, with potentially
improved accuracy for attenuation coefficient
determination.

FTA algorithm. For each of the 330 A-scans
included in the ROI, the attenuation coefficient
was calculated by fitting the profile with Eq. (1).
Figure 2 displays the frequency of occurrence
of the derived attenuation coefficients from
the ROl shown in Figure 1. The data is
fitted with a Gaussian distribution peaked at
Uay=2.52+1.14 mm~".

The goodness of fit is evaluated by the
correlation coefficient R?, calculated for each
A-scan. The goodness of fit was modest, with R?
values ranging from 0.23 to 0.72 (average 0.5).

ATF algorithm. In algorithm (i), A-scans
included in the ROI are first averaged; the
resultant compounded profile is smoother
than individual A-scans. This is a widely used
approach for reducing the optical speckle
effect. Figure 3 displays the compound A-scan
and its corresponding fit obtained via Eq. (1).
The resulting best-fit attenuation coefficient is
Uy=2.53+0.05 mm~". While this agree well with
previous results from FTA (method (i)) analysis, the
goodness of fit is now much better with R?=0.97.

We conclude that both methods yield the same
mean value for the attenuation coefficient but with
large differences in standard errors and goodness
of fit. The large standard deviations associated

Figure 3. Compound profile obtained by averaging
all A-scans within the ROI. The attenuation coefficient
was calculated by fitting (ATF analysis) the obtained
profile with Eq. (1)
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Figure 4. (a) B-scan image of an WHHLMI rabbit arterial tissue for a spectral interval of 11.5 nm centered at 1.295 pm; (b) B-scan
image of an WHHLMI rabbit arterial tissue for a spectral interval of 12.8 nm centered at 1.365 um. The corresponding OCT image
acquired using the full optical spectrum of the light source is shown in Figure 2. Both images have the same size of 3.0x1.5 mm?

(width x depth)

with attenuation coefficient calculation in FTA
method are due to optical speckle effects.

The Gaussian distribution of the attenuation
coefficient after FTA means the selected ROI is
optically homogenous. In general the transition
from optically homogeneous to heterogeneous
ROl is gradual “real” tissue being in-between these
two extremes. The level of heterogeneity can be
assessed by the deviation from the Gaussian
distribution of the attenuation coefficient after FTA.
For this study ROIls are quasi-homogeneous with
a Gaussian fit estimated by a goodness of fit (R?)
higher than 0.95.

Spectroscopic optical attenuation coefficient
analysis. Using the procedure presented and
employing Eq. (3), the OCT data was split into ten
spectral intervals by using rectangular filters. As
previously stated, the widths of the ten spectral
intervals are equal in the wavenumber domain. In

Optical attenuation coefficient (1/mm)
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o
)

(o0}
)

—A— Attenuation coefficient of calcified region;
—0— Attenuation coefficient of fibrous cap;
—o— Attenuation coefficient of lipid pocket
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this way, there are ten OCT images corresponding
to ten spectral domains covering the whole
bandwidth available. Figure 4 (a) and (b) shows
representative spectral images obtained by using
the window (filter) centred at 1.295 ym with a

Figure 5. Optical attenuation coefficient of the OCT signal versus
wavelength calculated for calcified region, fibrous cap and lipid pocket.
The regression lines are guides for the eye

width of 11.5 nm, and at 1.365 ym with a width of
12.8 nm respectively.

As expected, the reduced spectral width reduces
the axial spatial resolution (from ~5.25 to ~19 pm)
but each image contains important spectral
information corresponding to the wavenumber
interval used. Both images are displayed using

[100 um

identical image parameters (e.g., contrast and
brightness). From the Figure 4 (a) and (b), it is
obvious that the OCT image at 1.365 pm has a
better signal-to-noise ratio at locations deeper
within the artery than the image obtained at
1.295 pm.

The same qualitative guidelines and identification of
different morphometric regions can be applied on each of
the spectrally separated images. Therefore, by applying
the attenuation model on each of these images, the
dependence of the attenuation coefficient on wavelength
in ten distinct spectral intervals can be extracted,
potentially yielding additional useful information for arterial
tissue quantification (specifically its identification and
segmentation).

Following the qualitative selection of OCT image textures,

Improved Arterial Tissue Differentiation by Spectroscopic Optical Coherence Tomography

Figure 6. OCT image of atherosclerotic lesion. Two ROIs were selected,;
region A has a lower macrophage content than region B. ROl A and
B have the same size, 243x373 um?2. The image size is 3.0x1.5 mm?
(width x depth)

we identified ROIs corresponding to lipid, calcified plaque and
fibrous regions. The ATF attenuation coefficient extraction
procedure was applied only for ROIs with 100 pm in depth,
which is several times larger than the spatial resolution
of OCT data in the spectrally separated images. Figure 5
shows the dependence of optical attenuation coefficient of
the OCT signal on wavelength for calcified region, fibrous
cap and lipid pool. As seen the ROI A and B in Figure 6 are
part of the same qualitative feature. The dark spots visible
in both ROls are identified as macrophages. It is noticeable
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