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Abstract: Intravascular optical coherence tomography (IV-OCT) allows evaluation of atheroscle-
rotic plaques; however, plaque characterization is performed by visual assessment and requires a
trained expert for interpretation of the large data sets. Here, we present a novel computational
method for automated IV-OCT plaque characterization. This method is based on the modeling of
each A-line of an IV-OCT data set as a linear combination of a number of depth profiles. After
estimating these depth profiles by means of an alternating least square optimization strategy, they
are automatically classified to predefined tissue types based on their morphological characteris-
tics. The performance of our proposed method was evaluated with IV-OCT scans of cadaveric
human coronary arteries and corresponding tissue histopathology. Our results suggest that this
methodology allows automated identification of fibrotic and lipid-containing plaques. Moreover,
this novel computational method has the potential to enable high throughput atherosclerotic
plaque characterization.
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1.

Introduction

Globally, atherosclerosis is the leading cause of death and morbidity. The different stages involved
in atherosclerotic plaque formation must be studied and characterized in order to develop new
therapies for atherosclerosis. In a stable plaque, the accumulation of collagen forming a fibrous
plaque can lead to progressive stenosis, while in a vulnerable plaque, the build-up of lipids
and necrotic core can lead to sudden thrombosis and heart attack [1]. Most vulnerable plaques
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are characterized by having a large necrotic core covered by a thin inflamed fibrous cap, the
hallmarks of the thin cap fibroatheroma. To improve our understanding of the mechanisms that
lead to a thrombotic event, it is relevant to characterize both the morphology and the composition
of the plaque with the potential to identify the more deadly vulnerable plaques.

Since its development in 1991 and its implementation for vascular imaging in 1996 [2], OCT
has shown high potential for imaging of atherosclerotic plaques. OCT has rapidly evolved in the
past decade as a clinically useful diagnostic modality and has become very useful for intravascular
(IV) imaging due its high spatial resolution and sensitivity [3-6]. A standard nomenclature has
been generated to provide a consensus in the usage guidelines, measurement methodology, and
visual image interpretation criteria for [IV-OCT image characterization [6]. Under this consensus,
the normal vessel wall or intimal thickening is characterized by a highly backscattering or
signal-rich intima layer, a low backscattering and signal-poor media layer, and a heterogeneous
and highly backscattering adventitia layer. High backscattering and homogeneous IV-OCT signal
characterize a fibrous plaque. A calcific plaque is usually surrounded by fibrous tissue, and
present a signal-poor region with sharply delineated borders. Superficial-Lipid plaques appear
as a signal-poor region with poorly delineated borders and fast IV-OCT signal decay. An OCT
thin-capped fibroatheroma presents a delineated necrotic core overlaid by a fibrous cap with a
thickness less than a predetermined threshold. Macrophage accumulations are characterized as
signal-rich regions with high standard deviation, distinct, and/or confluent punctate spots that
surpass the intensity of background speckle noise.

Fibrous cap thickness is an important parameter of plaque vulnerability, which IV-OCT is able
to accurately assess, owing to its high axial resolution [7]. However, visual assessment [8-10] of
OCT cross-sectional images (B-scans) is cumbersome, extremely time consuming, and requires
trained experts to classify diverse features present in each stage of the disease development.
Furthermore, the inherent effect of speckle and the scattering attenuation of the optical scheme
limit the direct interpretation of OCT images.

Although OCT is becoming very popular for intravascular imaging of atherosclerotic plaques,
a single pullback generates hundreds of B-scans; interpreting this large amount of data makes
the characterization process very tedious. To overcome these difficulties, different automatic
characterization methods have been developed based on either texture segmentation or attenua-
tion analysis. Random Forests classification using intensity and texture-based features extracted
from regions in the B-scan corresponding to the atherosclerotic plaque area has been used to
classify four types of plaque: calcium, lipid pool, fibrous tissue and mixed plaque [11]. The main
limitation of this method is the identification of lipid pool and mixed plaque since the classifica-
tion accuracy reported was lower than 80%. A texture based segmentation method uses Spatial
Gray Level Dependence Matrices Method, second order statistical texture features extraction, to
automatically detect plaque and non plaque regions from OCT images [12]. The drawback of
this method is the clusters, distance metric, initialization of cluster centroids and convergence
criterion parameters that need to be set correctly to ensure that the algorithm converges and
produces satisfying results. Even so, it may not reliably detect all the different plaque types.
Windows of variable length can be used to estimate the backscatter and the extinction coefficients
from transverse sections resulting in a quantitative estimation of these coefficients for every
A-line [13]. This approach was intended to identify five different tissue types: fibrous and smooth
muscle cells, early necrotic core, advanced necrotic core, calcification, and hemorrhage. Yet, it is
prone to erroneously compute the backscatter coeflicient due tissue heterogeneity and the lack of
an intensity calibration. Similarly, estimation of the optical attenuation coefficient combined with
a supervised classification of image pixels according to textural features was proposed to improve
the automated and systematic characterization with IV-OCT of the following atherosclerotic
plaque types: fibrotic, calcified, and lipid-rich; yet, this procedure requires user input for the
selection of regions of interest (ROIs) for plaque assessment [14]. Recently, a method was
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proposed to estimate the attenuation coefficient as a function of depth for each A-line in order
to to identify calcifications, necrotic core, and mixed plaque [15]. The estimation of optical
parameters from volumes of interest has also been attempted in order to classify calcified, fibrotic
and lipid plaques; however, this volumetric analysis can be computationally expensive [16]. A
combined depth resolved spectral and attenuation model showed the potential of predicting lipid
content in OCT images of atherosclerotic plaques [17]. This classification method is based on a
quadratic discriminant analysis model utilized on phantoms of known chemical mixtures, such
as collagen, calcium and cholesterol, as well as simulated tissue of a lipid-rich plaque. However,
the inherent heterogeneity of the fibroatheromas might affect the performance of the proposed
approach. A novel method intended for lipid-rich plaque characterization in IV-OCT images used
the spectroscopic absorption properties of lipids to evaluate lipid phantom models and in-vivo
atherosclerotic rabbit models [18]. In this study the Gaussian center of mass was used as a metric
to visualize the property of the spectrum with a high sensitivity, specificity, and correlation of
94.3%, 76.7%, and R=0.8572, respectively. However, this method focused only in the composi-
tion of lipids, yet the heterogeneous plaque composition must be evaluated for further validation.
A recent study have showed the potential birefringence images of polarization-sensitive optical
frequency domain imaging (PS-OFDI) as a source of contrast to evaluate tissue composition [19].
Birefringence is elevated in areas with thick collagen fibers or smooth muscle cells, while in the
fibrous cap region both at the rupture site and proximally present low birefringence. This optical
tissue property can be used as a feature for an automated computational characterization method.

In this paper, we present a novel computational method for plaque tissue characterization that
does not require estimating optical properties. Instead, this method allows for tissue characteriza-
tion based on the intrinsic morphological characteristics of the A-lines in IV-OCT scans. Since
this method is fully automated, it has the potential for high throughput atherosclerotic plaque
assessment.

2. Methods

The main idea behind our method for automated plaque characterization is modeling each A-line
of the IV-OCT B-scan as a linear combination of N depth profiles (py, ..., px). These profiles
are estimated anew from each B-scan or a set of consecutive B-scans, and are then further
classified to a specific tissue type, based on morphological features. This is illustrated in Fig. 1,
in which two profiles (p1, p2) estimated from the sample B-scan are modeling any given A-line
of the B-scan. In this particular example, the blue profile resembles an Intimal-Thickening profile
having two prominent peaks and one valley, which represent the intima, media, and adventitia
layers; those peaks are faded in the red profile due to thickening caused by fibrous tissue build
up, while the decay of the signal is slower due to the characteristic high backscattering of fibrotic
plaque. Once the profiles are estimated for a given B-scan, they are automatically classified into
one of several potential tissue classes based on a set of morphological features. Since the k-th
A-line in the B-scan has a characteristic weight or abundance @y , for each profile p,, their
magnitudes can be used to assign each A-line to a specific tissue type. This is illustrated in Fig.
1, in which a sample A-line at the position k = 400 is composed by the Blue-class profile times
the weight or abundance ay i, plus the Red-class profile times the abundance ay », with the
addition of noise v,. Since the Blue-class profile has the most dominant abundance, the resulting
A-line profile must be more akin to this class. Thus, the lumen is color-coded as blue indicating
Intimal-Thickening in that particular A-line position. A detailed description of our proposed
methodology, as summarized in Fig. 2, is presented below.

2.1. B-scan pre-processing

Each IV-OCT B-scan was first pre-processed as follows. As shown in Fig. 3, the lines produced
by the catheter ball lens and sheath signal are removed, and the lumen surface is segmented.
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Fig. 1. Illustration of the k-th A-line profile (black) being modeled as the linear combination
of two main profiles (p; in blue and p, in red) each with corresponding abundances
(ag,1, @k 2) for that particular A-line, plus a noise component vy. The color on the lumen
of the OCT image indicate the most dominant class at that specific A-line. The dotted green
line marks the maximum depth considered for the profile in the region of interest. The
right-bottom plot depicts the abundances of both profiles at each A-line.
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Fig. 2. Block diagram of the automatic classification process.

Next, the lumen surface is flattened using an elastic transformation method [20] and a fix amount
of pixels are selected from the lumen surface to certain depth where the signal has decayed to the
background (dotted line in Fig. 3); a constant depth of 300 pixels (300 x 4.8 um = 1,440 um,
see section 2.5 for system resolution details) was used throughout this study. An Entropy filter
with a window size of 5 X 5 pixels is applied to the segmented image to reduce the speckle effect;
although other spatial filters such as Median, Wiener, Lee, and Frost with different window sizes
can be also used [21,22]. A logarithmic transformation looks to enhance the small details in
the signals, which is especially important for visualization purposes. However, since we are
applying a linear combination model of the profiles by A-line, the processing of the B-scans in
logarithmic scale would induce a multiplicative effect in the linear scale, which is not suitable
for the posterior interpretation and classification stage. As a result, the B-scan pre-processing is
performed on the normalized linear signal (0-1) and the Log-compressed image is used only for
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visualization purposes.
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Fig. 3. B-scan pre-processing steps.

2.2. B-scan analysis

Our proposed B-scan analysis is based on the following considerations:

1) A set of OCT A-lines can be represented as a non-negative matrix of L pixels by K A-lines
(In this study the set of A-lines was taken from 9 consecutive B-scans).

ii) Each measured A-line is composed by a linear mixture of N profiles (p;,...,pn), and
these profiles are invariant over the whole set of A-lines.

Therefore, considering a linear mixture of profiles at the k-th measured A-line y; with random
noise v, the following observation model is assumed:

N N
Vi = Za'k,npn + Vi3 Z;a'k,n =1 (D
n=

n=1
where the coefficients ax_, > O are interpreted as the abundance or weight parameters of the n-th
profile at the k-th A-line. By considering a matrix notation, the observation model can be written
as
Y=PA+V 2)

where Y = [y; ... yx]is a matrix of size L X K, representing the set of measured A-lines,
P =[p; ... pn]isamatrix of size L X N, representing the unknown profiles, A = [@] ... ak]
is a matrix of size N X K containing the unknown abundances, and V = [v; ... vg]is the
matrix gathering noise components. In this representation, the vector of abundances at the k —th
A-line is denoted as @y = [ag,) ...ar n]". In this way, the simultaneous estimation of the
unknown sets of profiles P and abundances A is formulated as a nonlinear quadratic optimization
process: [23-25]

N-1 N
1 2 2 2
min SIY ~PAIG +p 3 > lIpi = oI — ullAIR 3)
i=1 j=i+l
with the following restrictions
P>0, A>0, AT1=1 “)

i.e. AT1 = 1is equivalent to normalization condition of each column of matrix A as required
by (1). This optimization problem is nonlinear in the product of the matrices P and A, so an
alternating least squares strategy is pursued to find the optimal solutions [26-28].

The first term in (3), is related to the approximation error by the observation model in (2); the
second term is a regularization component in the cost function linked to the estimated profiles
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that penalizes the distance among them by using the weight p > 0; finally the last term is another
regularization component now focused on the abundances that maximizes its values by A-line
and this condition is controlled by the weight u > 0. Since the abundances are always positive
and normalize to one per A-line, the last term in (3), could produce a low entropy condition in
the estimated abundances. In this way, the tradeoff between reducing the approximation error,
controlling the distance among the estimated profiles or achieving a low entropy condition is
regulated by the parameters p and p.

This alternating least squares strategy begins with a matrix Py that is initially defined for
the iterative scheme. For this initialization process, the approach in [26] is followed, where the
A-line with the largest energy in the B-scan is selected, as well as the A-line with the largest
norm error with respect to the first one. Then, the system is solved for A. Once A is found, the
system is solved again for P, and so on. Fixing either P or A in (3), the optimization problem
becomes quadratic and it is solved over a convex domain. Nevertheless, the alternating least
squares iteration can only assure convergence to a local minimum.

2.3. Automated profile classification

Once the profiles (py, ..., pxn) and their abundances (a1, . .., @ k) are estimated, the resulting
profiles are automatically classified and labeled to identify four different tissue types: Intimal-
Thickening (IT), Fibrotic, Superficial-Lipid, and Fibrotic-Lipid. To achieve this, each profile p,
is normalized to its maximum intensity value and a set of morphological features are estimated
from it, as summarized in Table 1. The Intimal-Thickening profiles are identified based on the
first four features in Table 1, and are characterized as having two prominent peaks and one valley
with restricted widths and within the first part of the profile (blue region in Fig. 4, before the
signal decay). If a profile is not identified as Intimal-Thickening based on the previous criteria, it
is further classified into one of the other tissue types based on a Linear Discriminant Analysis
(LDA) algorithm that uses the remaining morphological features defined in Table 1.

12— T

|Siéna1 Dccalﬁ

Am_plit_ude_: p(x)

]

L ']
! Total Profile L3
200 250 300

&
i
T

100 150
Pixel Index (x)

Fig. 4. Profile partition for feature extraction. The profile is divided into two sections: first
for the region of the profile that is not highly attenuated (blue line) and second for the part
where the most significant signal decay occurs (red solid line).

From all the morphological features explored and summarized in Table 1, only the features
marked with an (*) were used in the LDA classifier. These features were selected based on the
exhaustive search strategy described in section 3.3. The first feature is the Goodness-of-fit (GOF)
of a single term Gaussian model applied only to the signal decay section. The assumption is that
the attenuation of lipids resembles a Gaussian model (red line in Fig. 4); thus, the GOF should
be better (lower values) for the Superficial-Lipid and Fibrotic-Lipid profiles than for the Fibrotic
profiles. The second feature is the index of the end of the signal decay, point I, in the second
section, indicating the signal has decreased to a value close to the background. The third feature
is the area under the signal decay (Ag). The fourth feature is the area under the total profile
signal (Ar). The last features are taken from the coefficients of a second polynomial fitting to the
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Table 1. Profile morphological features

Feature Description

n Number of prominent peaks

w(Peak,) Width of the n-th peak

Y (Peaky) Location of the n-th peak

¢(Peak,) Prominence of the n-th peak
_x-b)

xX'=3 (‘D,,;Aﬁ); p(x) =ae 2 GOF of Gaussian fit of the signal decay *

1, Index of the beginning of the signal decay
I Index of the end of the signal decay *
d=11, - 1Ip| Distance from I, to I,

AR = fI:" p(x)dx Area under the signal signal decay *

Ar = le p(x)dx Area under the total profile signal *

C(x) = c1x* + cax + ¢3 Quadratic polynomial fitting *

signal decay section, which assess the nonlinearity of the signal decay. Finally, once the profiles
are classified and labeled, each A-line is linked to a specific label that was assigned to the profile
with the highest abundance at that specific A-line.

2.4. Automated sample classification

In the context of sample level classification, the method evaluates whether or not a sample has
accumulation of lipids. Thus, samples containing any profile classified as Superficial-Lipid or
Fibrotic-Lipid are catalogued as Lipid-containing plaques; likewise, sample containing only
profiles classified as Intimal-Thickening or Fibrotic are attributed a No-Lipid classification. The
algorithm highlights only the segments of the lumen where lipids are detected.

2.5. Database

Cadaveric human coronary arteries were imaged with a fiber-based intravascular Optical Fre-
quency Domain Imaging (OFDI) system [3,29], having a swept range of 115 nm, centered at
1320 nm and a repetition rate of 54 kHz; resulting in axial and lateral resolutions of 9.4 um
and 30 um, respectively. It is important to state that this system takes polarization sensitive
measurements, detecting two orthogonal polarization channels in parallel, and alternating the
polarization state of the light incident on the sample in between A-lines. The sum of the squared
norm of the complex-valued tomogram of each channel was computed, ignoring the modulation
of the polarization states in between A-lines. The database consisted of a total of 57 datasets of
IV-OCT images, each consisting of 9 consecutive frames spaced by 100 um in the longitudinal
dimension. Each frame consists of 1024 axial depth-points and 1024 A-lines, corresponding to
an angular sampling step of 0.35°. The axial resolution was 4.8 um, assuming a refractive index
of 1.34 of the tissue, for a total depth of 1024 x 4.8 um = 4915.2 um. The fifth of the 9 frames
(central frame) was matched with one histological section, stained with MassonaAZs Trichrome.
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2.6. \Validation

Each histological section was visually assessed, blinded to the IV-OCT images, and the lumen
was partitioned into segments, labeled as one of the following tissue types: Intimal-Thickening,
Fibrous, Fibro-lipid, or Superficial-Lipid. The two, N=2, most abundant tissue types found in
histopathology served as the ground-truth for training of the LDA classifier, to be predicted by
the morphological features of the estimated profiles found in the corresponding IV-OCT data
set. For sample-level classification, sections that contained any amount of lipid (at least 25% of
the tissue lumen) were classified as Lipid-containing. Only sections without any Fibro-Lipid or
Superficial-Lipid segments were classified as No-lipid. Analogously, a trained IV-OCT observer,
blinded to the histopathology, classified all the IV-OCT cross-sections, by segmenting them into
the same tissue categories, and for the sample-level classification, any lipid segment resulted in a
plaque to be attributed to the Lipid-containing category. The automatic sample-level classification
was compared to both the visual IV-OCT and histopathological diagnosis. The performance of
the classification method was quantified with a leave-one-out-validation strategy on the entire
histopathology data-base. For each iteration of the leave-one-out validation, one dataset was
assigned for testing, and the other 56 data sets for training.

3. Results

In this section, we present the results of applying the proposed method to the aforementioned
database assuming the presence of two most significant profiles (N=2) per B-scan or volume. In
fact, N can take values > 2, however, if the number of profiles is too large, the decomposition
algorithm could estimate profiles that are either not linearly independent or with insignificant
abundances throughout the B-scan. The results presented here were obtained using the 9 con-
secutive B-scans for each histopathology section as input. The A-lines of the 9 B-scans, 1024
A-lines each, were appended together to form one single set of 9,216 A-lines.

3.1. B-scan pre-processing results

In the preprocessing stage, the following common speckle noise reduction filters were assessed
with the IV-OCT images: Entropy, Median, Wiener, Lee, and Frost. Figure 5 shows a comparison
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Fig. 5. Comparison of an A-line signal after the Entropy and Frost filters were applied using
a window size of 5 X 5. The first column shows the linear signal, while the second column
shows the log-compressed version. The raw Linear and Log-compressed signals are plotted
as reference in the first row, the second row shows the Entropy filtered A-line, and the third
row depicts the Frost filtered version.

of an A-line signal after applying the Entropy and Frost speckle reduction filters to an IV-OCT
image. The first and second columns display plots of the linear and Log-compressed signal,
respectively, for the raw and filtered signals. The first row shows the raw signal, the second
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row shows the result of applying the Entropy filter using a window of 5 x 5, and the last row
shows the analogous version filtered with Frost. The Median, Wiener, and Lee filters are not
shown in the figure since they produce similar results to the Frost filter. It is noticeable that raw
Log-compressed image amplifies the signal from the sample but also from the background, while
the Entropy minimizes the speckle and amplifies the signal from the sample, while suppressing
the background signal. The Frost filter reduces the speckle noise, however, the background signal
is not reduced significantly. Hence, for simplicity, speed, and efficiency, the Entropy filter with a
size of 5 X 5 was adopted for this study.

3.2. B-scan analysis results

In the B-scan analysis step, the parameters p and p were tuned to determine their optimal
values. As stated in section 2.2, changes in p values directly affect the difference between the
profiles, hence keeping this parameter to lower values leads to more distinct profiles. Similarly,
u controls the amplitude relation among the abundances. However, selecting the right scaling
depends on the problem at hand, by the formulation of the quadratic optimization in (3), and this
parameter is selected as p = pg A,in (PTP), where A,,,;, (+) denotes the minimum eigenvalue of
the matrix. As a consequence, y € (0, 1) to avoid a singular problem during the computation
of the abundances. Then, as shown in Fig. 6, the magnitudes of the abundances oy, separate
with larger values of y. For the analysis presented here, p was set to 0.25 to coerce the resultant
profiles to be different to each other, while py was set to an intermediate value of 0.6 to maintain
a balanced separation between abundances.
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Fig. 6. Abundances estimated with different y values. By increasing the values of py,
the magnitudes of the abundances «y ,, separate; e.g. at the A-line k = 200 the higher
abundance (blue) increases while the lower abundance (orange) decreases separating them
from each other.

Figure 7 shows an example of the typical profile morphology for each of the four main
classes; a color code is used to differentiate each class. It was found that for Intimal-Thickening
profiles, green plot in Fig. 7, the main characteristics are the two prominent peaks and one valley
within the first 90 pixels. For the Fibrotic profiles (blue), the signal decays slower due to high
scattering, while in Superficial-Lipid profiles (red) the decay is faster due high attenuation. For
the Fibrotic-Lipid profiles (cyan), the first segment of the profile resembles the first part of a
Fibrotic profile and the second part is very similar to the decay of the Superficial-Lipid class.

3.3.  Morphological features selection results

The feature selection was based on an exhaustive search strategy, which selects the combination of
features, described in Table 1, that leads to the higher classification accuracy estimated following
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Fig. 7. Typical morphology of different class profiles.

a leave-one-out validation on the entire database. Thus, other features that were considered,
such as index of the beginning of the signal decay (/,), and the distance (d) from I, to I, were
discarded using this strategy.
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Fig. 8. Comparison of features considered for the LDA classification. Multiple comparison
with Bonferroni correction (p < 0.05).

Figure 8 shows a comparison of the distribution between the features described in section
2.3. The GOF of Gaussian fit (%) values for Fibrotic profile are significantly higher (worse
Gaussian fitting) than for Superficial-Lipid and Fibrotic-Lipid profiles. This is expected, since
a better Gaussian fitting of the signal decay region was observed for the Superficial-Lipid
and Fibrotic-Lipid profiles (Fig. 8(a)). The index of the end of the signal decay () shows
lower values for Superficial-Lipid profiles than both Fibrotic-Lipid and Fibrotic profiles due
to higher attenuation of Superficial-Lipid profiles (Fig. 8(b)). For the signal decay area (ARr),
Fibrotic and Fibrotic-Lipid profiles exhibit larger areas as the result of a slower decay. On the
contrary, Superficial-Lipid profiles present significantly lower signal decay area due to high signal
attenuation (Fig. 8(c)). Similarly, the total area A7 is higher for Fibrotic-Lipid and Fibrotic than
Superficial-Lipid profiles (Fig. 8(d)). The values for the quadratic coefficient of the polynomial
fitting (C1(x)) are close to zero for Fibrotic and different from zero for Superficial-Lipid and
Fibrotic-Lipid profiles. Thus, Fibrotic profiles can be closely fitted to a linear function, while



Research Article Vol. 7, No. 10 | 1 Oct 2016 | BIOMEDICAL OPTICS EXPRESS 4080 I

Biomedical Optics EXPRESS -~

Superficial-Lipid and Fibrotic-Lipid profiles can be fitted to a quadratic function (Fig. 8(e)).

3.4. Profile classification results

For the profile classification stage, the morphological features were analyzed to select those that
will be used in the LDA classifier. The LDA classifier was tested using leave-one-out validation
for the following types of discriminant function: Linear, Diagonal-linear, Quadratic, Diagonal-
quadratic, and Mahalanobis. According to our testing, the Linear, Diagonal-linear, Quadratic,
Diagonal-quadratic, and Mahalanobis led to an accuracy of 83.6%, 82.7%, 85.4%, 88.2%, and
85.4%, respectively, from which the Diagonal-quadratic gave the highest accuracy. Finally, each
A-line is color-labeled in accordance with the classified profile with highest abundance.

The results of the classification method applied to three datasets characterized by histopathol-
ogy as having regions corresponding to Intimal-Thickening, Fibrotic, Fibrotic-Lipid, and/or
Superficial-Lipid plaques are shown in Figures 9-11. In each of these figures, the estimated
profiles (p,) and abundances (@ ) are shown on the top-left and bottom-left panels. The two
profiles are color-coded based on the result of the automated classification as either Intimal-
Thickening (green), Fibrotic (blue), Fibrotic-Lipid (cyan), or Superficial-Lipid (red). The middle-
left panel shows the corresponding B-scan in Cartesian representation, in which the lumen is
also color-coded based on the most dominant abundance for each A-line. The right panel shows
the corresponding histopathology section, in which the lumen is also color-coded based on the
histopathological evaluation.
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Fig. 9. Automatic classification of a sample characterized by histopathology as being
a Fibrotic plaque. a) Profiles plot (top), IV-OCT image with lumen flattened (center),
and Abundances plot (Bottom); b) IV-OCT image with the lumen automatically colored
according to the automatic classification; c) histological with the lumen colored manually
according to the histological classification.

The results of the B-scan analysis for the case of a Fibrotic plaque are shown in Fig. 9(a). The
B-scan image (Fig. 9(b)) exhibits high intensity and low attenuation for all the artery tissue, which
indicates that only Fibrotic plaque is present. Since both profiles were classified as Fibrotic, the
lumen was color coded blue all around in the B-scan, as shown in Fig. 9(b). The corresponding
histology section (Fig. 9(c)) clearly indicates a homogeneous fibrotic plaque with no apparent
lipid accumulation.

The results of the B-scan analysis for a particular sample presenting both Superficial-Lipid
and Fibrotic-Lipid regions are shown in Fig. 10. The two profiles estimated from this B-scan
are shown in Fig. 10(a). The red profile showed an immediate fast decay and was correctly
classified as a Superficial-Lipid profile. The cyan profile showed an initial low attenuation region
followed by a fast decay and was correctly classified as a Fibrotic-Lipid profile. The B-scan
(Fig. 10(b)) illustrates areas with high attenuation at deeper depths and higher attenuation close
to the surface suggesting the presence of a mix of Fibrotic-Lipid and Superficial-Lipid areas,
respectively. The lumen was color-coded based on the values of the estimated abundances as
either Fibrotic-Lipid (cyan) or Superficial-Lipid profiles (red), as shown in the B-scan (Fig.
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Fig. 10. Automatic classification of a sample having regions of Superficial-Lipid and
Fibrotic-Lipid plaques. a) Profiles plot (top), IV-OCT image with lumen flattened (center),
and Abundances plot (Bottom); b) IV-OCT image with the lumen automatically colored
according to the automatic classification; c) histological with the lumen colored manually
according to the histological classification.

10(b)). The corresponding histology section (Fig. 10(c)) clearly indicates various regions with
superficial and deep accumulation of lipids.

The results of the B-scan analysis for a plaque having both Intimal-Thickening and Fibrotic-
Lipid regions are shown in Fig. 11. The two profiles estimated from this B-scan are shown in
Fig. 11(a). The green profile showed two prominent peaks and one valley and was correctly
classified as a Intimal-Thickening profile. The cyan profile showed an initial low attenuation
region followed by a fast decay and was correctly classified as a Fibrotic-Lipid profile. In fact,
the two profiles in Fig. 10(a) and the second profile (cyan) in Fig. 11(a) have very similar signal
decay. The B-scan shows two distinct areas, in which the three artery layers are noticeable in
one side of the artery and the other side has attenuation at certain depth where fibrotic tissue and
lipids are mixed. The lumen was color-coded based on the values of the estimated abundances as
either Intimal-Thickening (green) or Fibrotic-Lipid profiles (cyan), as shown in the B-scan (Fig.
11(b)). The corresponding histology section (Fig. 11(c)) clearly indicates one Intimal-Thickening
area and a fibrotic plaque with deep lipid accumulations.
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Fig. 11. Automatic classification of a sample having regions corresponding to Intimal-
Thickening (IT) and Fibrotic-Lipid. a) Profiles plot (top), IV-OCT image with lumen flattened
(center), and Abundances plot (Bottom); b) IV-OCT image with the lumen automatically
colored according to the automatic classification; c) histological with the lumen colored
manually according to the histological classification.

The performance of the automated profile classification method assessed following a leave-
one-out validation approach is summarized by the confusion matrix in Table 2. In our evaluation,
the overall accuracy for this classification tests was 88.2%. The sensitivity and specificity for
both the Fibrotic and Fibrotic-Lipid classes were approximately 84% and 90%, respectively. The
sensitivity and specificity for both the Intimal-Thickening and Superficial-Lipid classes were
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100%.
Table 2. Profile level confusion matrix.
Leave-One-Out Classification
IT | Fib-Lip | Fibrotic | Sup-Lipid | Sensitivity % | Specificity %
. IT 13 0 0 0 100 100
o ¥ Fib-Lip 0 39 7 0 84.8 90.6
2 E Fibrotic 0 6 30 0 83.3 90.5
T g Sup-Lipid | 0 0 0 15 100 100

Notice that in Table 2 there are a total of 110 profiles and 114 where expected from 57 samples.
This method tries to find two profiles, N=2, from each sample, yet the estimated profiles are
compared at each iteration of the alternating least squares to decide if they are alike so they can be
considered as only one class. Thus, if a sample has only one class and the two estimated profiles
are similar to certain extent, the result would be a single profile for that dataset (in Fig. 9, the two
profiles did not match this criterion and, therefore, the method gave two different fibrotic profiles
as result). In this database, there were 53 samples with two profiles (106 profiles) and 4 samples
with only one profile; most of these cases came from datasets having only Intimal-Thickening or
Fibrous tissue having similar thickness through all the artery section.

3.5. Sample classification results

In the context of sample level classification, the method evaluated whether or not a sample had
accumulation of lipids. Thus, either a Superficial-Lipid profile or a Fibrotic-Lipid profile counts
as Lipid-containing classification.

The visual classification provided by the IV-OCT observer was compared to the histopatholog-
ical gold standard classification leading to the confusion matrix in Table 3 and exhibiting and
accuracy of 80.7%. This classification showed sensitivity of 77.3% and specificity of 92.3% for
detecting lipid plaques.

Table 3. Visual sample level classification confusion matrix

Visual Classification
Lipids No Lipids | Sensitivity % | Specificity %
. Lipids 34 10 77.3 92.3
Histopathology No Eipi I i B

Table 4 shows the confusion matrix for the automatic sample level classification with an
accuracy of 85.6%. The sensitivity and specificity for detecting plaque with accumulation of
lipids were 86.4% and 84.6%, respectively.

Table 4. Automatic sample level classification confusion matrix

Leave-One-Out
classification
Lipids No Lipids | Sensitivity % | Specificity %
. Lipids 38 6 86.4 84.6
Histopathology No IIjipi I > H

For this case, the proposed classification algorithm automatically plots a line only on a specific
section of the lumen where lipids where detected, as shown in Figure 12. In these examples, the
proposed algorithm draws a cyan and red line on the lumen of the arteries in the two first IV-OCT
images (a and b) having Fibrotic-Lipid and Superficial-Lipid plaques build up, respectively.
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For these cases, it is noticeable that the histological images show white areas revealing he
presence of extracellular lipids and/or foam cells. The last IV-OCT image (c) corresponding to
an artery with Fibrous plaque and intimal thickening does not have any line on the lumen. Thus,
no accumulation of lipids was detected. The histological image (f) illustrates a homogeneous
Fibrotic plaque.

Fig. 12. Automatic sample level classification. IV-OCT images (first row) with a plot on the
section of lumen and the corresponding histological images (second row); where (a) and (b)
presenting Lipid plaque, and (c) without lipids.

4. Discussion

Visual plaque characterization requires trained experts, and is complicated by variation in the
tissue attenuation and speckle effects. Moreover, large data sets, consisting of hundreds of B-
scans, make visual plaque classification impractical, especially in a clinical setting. Therefore,
the proposed automatic algorithm could offer an improved plaque classification by analyzing
entire pullbacks and assist in clinical diagnosis and therapy guidance.

Methods for texture-based plaque characterization automatically classify each pixel with
intensity and texture features, which tend to mislead the correct identification of some pixels
where the speckle and attenuation effect is high. On the other hand, methods correlating the
backscattering and attenuation coefficients tend to misclassify mixed fibrolipid plaques. Also, the
classification using these coefficients can be misinterpreted due to a lack of tissue heterogeneity
and intensity calibration.

This work shows that our automated classification method can effectively identify and label
A-line profiles based on morphological features. Using the polar IV-OCT images, each A-
line is classified to one of the main types of tissue present in atherosclerotic tissue namely:
Intimal-Thickening, Fibrotic, Superficial-Lipid, and Fibrotic-Lipid plaque.

The histological evaluation of many of the plaques of our database showed mixed pathological
categories. We focused on the two most prominent histopathological categories per plaque. In all
plaques included, these two most prominent histopathological categories were always included
among the four categories defined for the automated classification algorithm. However, we had
to exclude a few plaques in which the histology was not clear for identifying the tissue types. In
addition, two samples with artifacts produced by blood in the lumen were also excluded, since
the resulting blood absorption would produce atypical profiles. In the future, we could try to
characterize profiles that would allow identifying the presence of blood clots.
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Also, macrophages/foam-cells were co-localized with lipids accumulation, so there were
present in our Lipids and Fibro-lipids plaques. Calcification and cholesterol crystals were present
in a few samples included in our database, but they were not the predominant histological category.
Therefore, the presence of macrophages/foam-cells, calcification and cholesterol crystals did not
affect significantly the performance of our classification algorithm, in spite of the fact that we
did not consider a specific category for these histopathological features. In the future, we could
try to characterize profiles that would allow identifying these other histopathological features.

The detection of superficial lipid, and especially the presence of necrotic cores would be
clinically relevant. However, to date, OCT has not been shown to be able to differentiate between
these two categories. Although the presented algorithm may be able to be trained to identify
these two types, there are not enough examples of these two categories in our data set; a larger
and more complete data set would be needed to investigate this aspect.

The algorithm was programmed in MATLAB R2016a and tested in a computer with the
following characteristics: Windows 7 Enterprise 64-bit, CPU Intel i7 with 6 cores at 3.2GHz,
and 48GB RAM. The average processing time for a dataset with 9 B-scans is 9.5s, from which
the optimization process to calculate the profile and abundances described in section 2.2 takes
9s. The average time of processing one single B-scan is 1.5s, from which the optimization
process takes 1s. Thus, the convergence time of the optimization process is the bottleneck of
the algorithm. It is worth mentioning that the code has not been optimized and a parallelized
algorithm could allow high throughput atherosclerotic plaque characterization.

The high classification accuracy of 88% demonstrates the reliability of this method. Addi-
tionally, the high sensitivity and specificity for the detection of Fibrotic, Fibrotic-Lipid, and
Superficial-Lipid plaques confirm the ability to detect lipid-containing plaques with high accu-
racy, and quantify this along the pullback segment. Moreover, the estimation of the abundances
may give a quantitative indicator of the contribution of a profile class at each A-line. However,
there is still a need for the automatic estimation of the optimal value of the regularization
parameters (u and p), which in this case were fixed and manually defined by the user for all
datasets. Furthermore, the identification of only two class profiles when more than two classes
are present in the sample, causes estimation of a combined profile that contains morphological
information of mixed classes, which mislead the classification. Further improvements will focus
on automatically identifying more than two class profiles and combine those that belong to
the same class. Also, employment of additional morphological features combined with texture
features might enhance the accuracy of the proposed method.

In a clinical setting, this algorithm will have to deal with the guide wire signal and its shadow,
which was not considered in this study. This issue could be resolved by adding a third profile,
N=3, to identify the guide wire features reliably. Also, other image processing approaches could
be used to identify the guide wire, such as standard deviation filtering or image convolution.
Moreover, since the lumen surface is flattened by the elastic transformation method, the distance
from the ball-lens to the lumen surface varies between A-lines. This effect might induce signal
fluctuations in the A-lines intensities. However, the attenuation by the light propagation from
the ball-lens to the lumen surface will be minimal with respect to the tissue effect. Furthermore,
these signal fluctuations have minor effect since the profiles are normalized during the synthesis
scheme, and the classification depends on the morphology neglecting the amplitude of the
profiles.

5. Conclusion

In summary, we have presented a novel computational method for automated tissue characteriza-
tion of atherosclerotic plaques imaged with IV-OCT. This method is based on the modeling of
each A-line of an IV-OCT data set as a linear combination of N depth profiles. The profiles are
estimated by an alternating least square optimization strategy for an entire pullback segment, and
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are further automatically classified to a predefined tissue type. In this study, our proposed method
was applied to classify each A-line on an IV-OCT B-scan as Intimal-Thickening, Fibrotic, Fibro-
Lipid, or Superficial-Lipid. Such profile classification also allowed the automated classification
of IV-OCT B-scans as either Lipid-containing or No-Lipid plaques (overall accuracy of 85%,
compared to 80% based on visual interpretation by a trained IV-OCT reader). Our encouraging
results validated on ex-vivo IV-OCT suggest that this methodology has the potential to allow
high throughput atherosclerotic plaque assessment through automated tissue characterization.
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