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PCT Patent Application
Attorney Docket No. LLI-013PC

QUANTITATIVE METHODS FOR OBTAINING TISSUE
CHARACTERISTICS FROM OPTICAL COHERENCE TOMOGRAPHY
IMAGES

FIELD OF INVENTION

[0001] This invention provides methods for tissue characterization using optical
coherence tomography. Specifically, in part, such characterization can be performed

by measuring a tissue’s optical and image properties.

RELATED APPLICATIONS

[0002] This application claims priority to United States Provisional Application
61/058,077 filed on June 2, 2008, the disclosure of which is herein incorporated by

reference in its entirety.

BACKGROUND

[0003] Optical coherence tomography (OCT) is an interferometric imaging
technique with widespread applications in ophthalmology, cardiology,
gastroenterology and other fields of medicine. The ability to view subsurface
structures with high resolution (2 — 15 pm) through small-diameter fiber-optic probes
makes OCT especially useful for minimally invasive imaging of internal tissues and
organs. OCT systems can generate images up to 100 frames per second, making it
possible to image coronary arteries in the beating heart artery within a few seconds.
OCT can be implemented in both time domain (TD-OCT) and frequency domain
(Fourier domain OCT or optical frequency domain imaging, OFDI).

[0004] OCT imaging of portions of a patient’s body provides a useful tool for
doctors to determine the best type and course of treatment. For example, imaging of

coronary arteries by intravascular OCT may reveal the location of a stenosis, the
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presence of vulnerable plaques, or the type of atherosclerotic plaque. This
information helps cardiologists choose which treatment would best serve the
patient—drug therapy (e.g., cholesterol-lowering medication), a catheter-based
therapy like angioplasty and stenting, or an invasive surgical procedure like coronary
bypass surgery. In addition to its applications in clinical medicine, OCT is also very
useful for drug development in animal and clinical trials.

[0005] Normal arteries have a consistent layered structure consisting of intima,
media and adventia. As a result of the process of atherosclerosis, the intima becomes
pathologically thickened and may contain plaques composed of different types of
tissues, including fiber, proteoglycans, lipid and calcium, as well as macrophages and
other inflammatory cells. These tissue types have different optical properties that can
be measured by OCT. The plaques that are believed to be most pathologically
significant are the so-called vulnerable plaques that have a fibrous cap with an
underlying lipid pool.

[0006] In a typical OCT imaging system, an optical probe mounted on a catheter
is carefully maneuvered to a point of interest such as within a coronary blood vessel.
The optical beams are then transmitted and the backscattered signals are received
through coherent detection using an interferometer. As the probe is scanned through a
predetermined line or area, many data lines can be collected. An image (2D or 3D) is
then reconstructed using well-known techniques. This image is then analyzed
visually by a cardiologist to assess pathological features, such as vessel wall
thickening and plaque composition.

[0007] Since tissue type is identified by its appearance on the screen, errors may

occur in the analysis because certain information (such as tissue type) cannot be
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readily discerned. The standard OCT image only contains the intensity information of
the OCT signals. Small changes in the optical properties that influence the OCT

signals cannot be readily discerned. Thus, it would be advantageous to have an OCT
system and method to measure the optical properties and use them to aid scientists and

clinicians. The present invention addresses this need.

SUMMARY OF THE INVENTION

[0008] The methods are explained through the following description, drawings,
and claims.

[0009] In general the invention relates to a method and apparatus for determining
properties of a tissue or tissues imaged by OCT. In one embodiment the backscatter
and attenuation of the OCT optical beam is measured and based on these
measurements an indicium, such as color, is assigned for each portion of the image
corresponding to the specific value of the backscatter and attenuation for that portion.
The image is then displayed with the indicia and a user can then determine the tissue
characteristics. Alternatively, the tissue characteristics can be classified
automatically by a program given the combination of backscatter and attenuation
values.

[0010] In one aspect the invention relates to a method for identifying tissue
components iz situ. In one embodiment the method comprises the steps of: taking an
OCT image of a tissue in situ; measuring the attenuation and backscatter at a point in
the OCT image; and determining the composition of the tissue at a location in the
tissue corresponding to the point in the OCT image in response to the measured

attenuation and backscatter. In another embodiment the method further comprises
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mapping a pair of coordinates in backscatter-attenuation space to an indicium of the
value of the pair of coordinates in the backscatter-attenuation space. In one
embodiment the indicium is a color. In another embodiment the method further
comprises displaying the indicium corresponding to the measured attenuation and
backscatter at the point in the OCT image.

[0011] In another aspect the invention relates to a system for identifying tissue
components iz situ. In one embodiment the system comprises an OCT subsystem for
taking an OCT image of a tissue iz situ; a processor in communication with the OCT
subsystem for measuring the attenuation and backscatter at a point in the OCT image
and determining the composition of the tissue at a location in the tissue corresponding
to the point in the OCT image in response to the measured attenuation and
backscatter; and a display for displaying the OCT image and an indicium
corresponding to the measured attenuation and backscatter at the point in the OCT
image.

[0012] In another aspect the invention relates to a processor-implemented method
for identifying tissue components iz situ. In one embodiment, the method includes
the steps of (a) collecting an OCT dataset of a tissue sample iz situ using a probe; (b)
measuring an attenuation value and a backscattering value at a point in the tissue
sample; and (¢) determining a tissue characteristic at a location in the tissue sample
corresponding to an image location in an OCT image formed from the OCT dataset in
response to the measured attenuation value and backscattering value. The method can
include the further step of mapping a pair of coordinates in backscatter-attenuation
space to an indicium of the value of the pair of coordinates in the

backscatter-attenuation space. The method can include the further step of displaying



WO 2009/149131 PCT/US2009/046035

10

15

20

the indicium corresponding to the measured attenuation and backscatter at the point in
the OCT image. The tissue characteristic can be selected from the group consisting of
cholesterol, fiber, fibrous, lipid pool, lipid, fibrofatty, calcium nodule, calcium plate,
calcium speckled, thrombus, foam cells, and proteoglycans. The indicium can be, for
example, a color. The indicium can also be selected from the group consisting of an
over-lay, a colormap, a texture map, and text. The method can include the further
step of classifying tissue type using a property selected from the group consisting of
backscattering, attenuation, edge sharpness, and texture measurements. The method
can include the further step of correcting a focusing effect to improve tissue type
classification. The method can include the further step of applying angular intensity
correction to account for an attenuation effect, such as, for example, a blood-related
attenuation effect. The method can include the further step of determining a tissue
characteristic using a technique selected from the group consisting of boundary
detection, lumen location, and OCT location depth.

[0013] In another aspect the invention relates to a system for identifying tissue
components iz situ. In one embodiment, the system includes (a) an OCT subsystem
for taking an OCT image of a tissue ix situ; (b) a processor in communication with the
OCT subsystem for measuring the attenuation and backscatter at a point in the OCT
image and determining a tissue characteristic of the tissue at a location in the tissue
corresponding to the point in the OCT image in response to the measured attenuation
and backscatter; and (c) a display for displaying the OCT image and an indicium
corresponding to the measured attenuation and backscatter at the point in the OCT

image. The tissue characteristic can be selected from the group consisting of
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cholesterol, fiber, fibrous, lipid pool, lipid, fibrofatty, calcium nodule, calcium plate,
calcium speckled, thrombus, foam cells, and proteoglycans.

[0014] In another aspect the invention relates to an optical coherence tomography
system for identifying tissue characteristics of a sample. In one embodiment the
computer system includes a detector configured to receive an optical interference
signal generated from scanning a sample and converting the optical interference
signal to an electrical signal; an electronic memory device and an electronic processor
in communication with the memory device and the detector. The memory device can
include instructions that, when executed by the processor, cause the processor to:
analyze the electrical signal and generate a plurality of datasets corresponding to the
sample, wherein one of the plurality of datasets comprises backscattering data;
compare the backscattering data to a first threshold, the backscattering data mapping
to a first location in the sample; and if the backscattering data exceeds the first
threshold, characterize the first location in the sample as having a first tissue
characteristic. In some embodiments, the processor is further caused to generate an
OCT image of the sample such that the first tissue characteristic is identified and
displayed relative to the first location. The first tissue characteristic can be selected
from the group consisting of cholesterol, fiber, fibrous, lipid pool, lipid, fibrofatty,
calcium nodule, calcium plate, calcium speckled, thrombus, foam cells, and
proteoglycan. In some embodiments, at least one of the plurality of datasets includes
OCT scan data, attenuation data, edge sharpness data, texture parameters, or

interferometric data.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The objects and features of the invention can be better understood with
reference to the drawings described below, and the claims. The drawings are not
necessarily to scale, emphasis instead generally being placed upon illustrating the
principles of the invention. In the drawings, numerals are used to indicate specific
parts throughout the various views. The drawings associated with the disclosure are
addressed on an individual basis within the disclosure as they are introduced.

[0016] Fig. 1 is a schematic view of a generalized OCT data acquisition system in
accordance with an embodiment of the invention.

[0017] Fig. 2 is a schematic view of a cross-section of a lumen with an imaging
probe disposed therein with a semi-transparent layer according to an embodiment of
the invention.

[0018] Fig. 3A shows optical propertics, geometric information and parameters
for a beam of electromagnetic waves used to collect OCT data.

[0019] Figs. 3B and 3C show plots of relative intensity and gain, respectively, as a
function of beam distance from the probe tip used to perform OCT data collection
according to an embodiment of the invention.

[0020] Fig. 4A shows a cross-section of a lumen with an imaging probe disposed
therein according to an embodiment of the invention.

[0021] Fig. 4B shows an exemplary angular intensity profile with respect to
rotational angle of the probe according to an embodiment of the invention.

[0022] Figs. SA-5B illustrates the results from the application of an exemplary

method of OCT image denoising according to an illustrative embodiment of the
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invention. Fig. SA shows the image before denoising and Fig. 5B shows the same
OCT image after the application of the denoising method.

[0023] Fig. 6A illustrates OCT scan data being processed using a window as part
of'a method for optical property extraction according to an embodiment of the
invention.

[0024] Fig. 6B illustrates OCT scan data being processed to define a region of
interest according to an embodiment of the invention.

[0025] Fig. 6C is data plot with a linear portion used to model certain optical
properties from a set of OCT data according to an embodiment of the invention.
[0026] Fig. 7 illustrates a lumen cross-section and demonstrates the automatic
detection of a lumen surface and an OCT penetration limit of interest according to an
embodiment of the invention.

[0027] Fig. 8 illustrates a plotted OCT dataset suitable for performing tissue
boundary localization using piece-wise regression on a one-dimensional OCT axial
scan according to an embodiment of the invention.

[0028] Fig. 9 illustrates a two-dimensional cross-section of a lumen obtained
using an OCT scan such that the tissue boundary localization was generated using
Canny’s edge detector method.

[0029] Fig. 10A is a diagram of a section of lumen wall showing the interaction of
the beam at two locations with the various tissues in the wall.

[0030] Figs. 10B and 10C are schematic diagrams that illustrate the dimensions
and variables used in a method of extracting attenuation/backscattering coefficients
from a multi-layered tissue object shown in Fig. 10A according to an embodiment of

the invention.
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[0031] Fig. 11A includes four image data plots showing exemplary tissue
characterization coefficients relating to backscattering and attenuation data according
to an embodiment of the invention.

[0032] Fig. 11B shows a color-map plot of attenuation and backscattering data
suitable for implementing a method for distinguishing different tissue properties
according to an embodiment of the invention.

[0033] Fig. 11C shows two exemplary OCT images depicting different tissue
properties that have been enhanced using the color-map shown in Fig. 11B.

[0034] Figs. 11D-11E show hatched versions of Figs. 11B and 11C.

[0035] Figs. 12A and 12B illustrate, respectively, methods of tissue
characterization by histological preparation and OCT data processing in accordance
with embodiments of present invention.

[0036] Fig. 13A shows an example histology image with mapped tissue types
according to an embodiment of the invention.

[0037] Fig. 13B shows an OCT image in which the tissue types and data identified
in Fig. 13A have been mapped and identified with boundaries according to an
embodiment of the invention.

[0038] Fig. 14 shows a plot of attenuation data versus backscattering data with
respect to certain tissue properties obtained from real human atherosclerosis plaques
using methods described in Figs. 12A-12B.

[0039] Fig. 15A shows a plot of attenuation data versus backscattering data
suitable for use with a tissue characterization discriminant method that compares the

tissue properties of region of interest to the tissue properties populated in a database.
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[0040] Fig. 15B illustrates an exemplary OCT tissue characterization image in
which a computer texture overlay is used to describe regions of interest according to
an embodiment of the invention.

[0041] Fig. 16A is a plot depicting the backscattering vs. attenuation data shown
in Fig 14 according to an embodiment of the invention.

[0042] Figs. 16B-16C are plots depicting edge sharpness and texture,
respectively, as measured for a boundary of interest according to an embodiment of

the invention.

DETAILED DESCRIPTION

[0043] The following description refers to the accompanying drawings that
illustrate certain embodiments of the invention. Other embodiments are possible and
modifications may be made to the embodiments without departing from the spirit and
scope of the invention. Therefore, the following detailed description is not meant to
limit the invention. Rather, the scope of the invention is defined by the appended
claims.

[0044] In general, the invention relates to methods for tissue characterization of
vessel walls using optical methods based on what is generally termed low coherence
interferometry (LCI), such as, but not limited to optical coherence tomography (OCT)
whether in the time or Fourier domain. The methods described herein solve the
problems encountered in semi-automatic or automatic tissue characterization
application such as optical calibration, artifact removal, generating accurate optical

and spatial parameter measurement from regions of interests, tissue segmentations,

- 10 -
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and statistical discriminant analysis of tissue types. As used herein discriminant
analysis refers to classifying images or data into different classes.

[0045] The present invention provides methods for analyzing OCT data and
images to characterize biological tissues. Although methods described herein may
pertain specifically to vascular tissues, the methods also apply to tissues in other
organs of the body, including tissues in the gastrointestinal, pulmonary, and
reproductive tracts. Embodiments of the present invention operate in conjunction
with an OCT system and a computing device that include characterization software
and a decision database as discussed below with respect to Fig. 1. Specifically, the
OCT console and OCT probe are used to acquire raw OCT data and demodulated data
from a blood vessel. In this context, demodulated data refers to OCT images, such as
grayscale images, or the underlying data associate with such images. The OCT data is
received by the computing device such as a processor and used to create an OCT
image on which numerical, text or graphical information about tissue characteristics
are displayed.

[0046] In part, embodiments of the invention are used to evaluate the walls of
certain lumens and tissues accessible by an OCT probe. Exemplary tissue images or
tissue data sets can include, but are not limited to plaques, lipid pools, and stent
placement zones. Typically, histology images of a sample are used to automate an
OCT data-based characterization of the same and unrelated samples. In one
embodiment of the present invention, reference data (e.g., normal tissue type data
from histology reviewed samples) are characterized or generated using software

comparisons with data stored in a database. In one embodiment, the characterization

S11 -



WO 2009/149131 PCT/US2009/046035

10

15

20

software implements some or all of the steps shown in Figure 12A. However, this
software can implement other methods as appropriate and discussed herein.

[0047] In general, one embodiment of the characterization software is based on
manual selection of regions-of-interest in a histology image. The actual histology
data is evaluated to identify different tissue types. In turn, these identified tissue
evaluations are be compared to OCT images obtained with respect to the same sample
tissue. By comparing the manually identified tissues and structures of interest in the
histology images, training sets are created to allow some of the software and
programming logic described herein to automatically characterize tissue types and
structures in an OCT image. For example, if tissue layer A is identified in the
histology image, the same region of interest A’ can be identified in the corresponding
OCT image. This process can be repeated to build a database of information used to
locate different tissues in an OCT image. Backscattering and attenuation data can be
used as outlined below to facilitate this process. Other embodiments of the methods
described herein also include image preprocessing steps (such as focus correction),
and optical property measurement.

[0048] As part of an exemplary sample measurement session, one or more tissue
samples are first interrogated using OCT such that OCT scan data is collected. Once
the scan data is processed, the resulting OCT images relating to the tissue samples are
calibrated and corrected for imaging artifacts. Next, the tissue sample is
cross-sectioned to create a histology image designating different parts of the image as
composed of different elements or features. The tissue samples are processed using a
histological method (such as dye staining), and digitized to create a histology image or

histology data set.

- 12-
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[0049] In one embodiment, the OCT images are image mappings of the
backscattered signal that reaches the OCT probe after being reflected from the OCT
scan of the sample. In one embodiment, the histology images are digitized
microscopic images of real tissue sample undergone dye staining, i.e., the histology
images are color images showing the dye distribution. Since the dyes bind to certain
molecules and tissue types preferentially, the histology images map the
molecules/tissue types in a tissue sample. As used herein, a histology image typically
includes data regarding tissue or a tissue structure or the image created from such
underlying data.

[0050] The histology image allows operators to identify tissue types (or
characterizations) and regions of interest (ROIs). The OCT images are matched or
mapped to the histology image. In one embodiment, the mapping is done manually.
Next, the characterization software then identifies a corresponding region on the OCT
image. The characterization software then calculates at least one of the tissue optical
properties or spatial features, the result of which is stored in the database. Statistical
analysis is then applied to form a discriminant analysis method using both the OCT
data and the tissue types identified in histology.

[0051] Fig. 1 is a schematic illustration of a generalized view of an OCT imaging
system 10. The imaging system typically includes an interferometer 12 and an optical
source 14, for example, a broadband light source, or a wavelength-swept source that
provides optical beam to both sample arm 16 and reference arm 18. The sample arm
16 delivers the optical beam to tissue through an optional scanning apparatus such as
an OCT probe. In one embodiment, the optical scanning apparatus is a rotational

transducer attached to the end of the sample arm and is carefully mancuvered through

- 13 -
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the patient’s body to the region of interest. The scanning probe provides a
substantially collimated beam to the vessel walls. The reference arm has a built-in
known reflector, which may be located either at a separate optical path or at a common
path as sample arm but at a slightly different location. The backscattered light signals
from both the sample arm and the reference arm are recombined at the optical
interferometer 12.

[0052] The combined optical interference signal is converted to electrical signal
by the optical detector (or detector arrays) 20. The signal is then used to construct
images. The detector is in electrical communication with a processing and analysis
subsystem 21 in one embodiment. The subsystem can include a processor 22, a data
acquisition module 24, and an analysis software application 26.

[0053] The processor 22 is a portion of a computer system or other
processor-based device executes various software programs or program logic such as
data acquisition 24 and data analysis modules 26. In other embodiments the
acquisition and analysis system elements are hardware modules. In one embodiment,
the software includes characterization software and graphic user interface for
displaying regions of interest as described below. Typically, the processor 22 is in
communication with memory (not shown) and a database 28. The database is used to
store all types of data and participate in various processing phases and stages as
outlined below.

[0054] OCT is currently the most widespread variant of this group of imaging
systems. The sample arm of commercially available OCT system has many
configurations, including microscope, forward-looking endoscope and side-looking

endoscope. To simplify description without loss of generalization, OCT with

- 14 -



WO 2009/149131 PCT/US2009/046035

10

15

20

side-looking endoscope is used as a non-limiting example for describing this
invention below. In this configuration, an optical probe is mounted in an endoscopic
catheter at the sample arm 16. The substantially collimated beam exits from the
optical probe mounted on the side. Typically the catheter and the probe are rotated to
generate 2D scan and can also be pulled or advanced while rotating to generate 3D
scan.

[0055] The OCT signal can be described as the light collected from a discrete
light imaging volume. Signals from discrete locations within the sample include the
image data set. The signal detected from any location is determined by the scattering
element’s size, refractive indices, density, geometrical arrangement, in addition to
characteristics of the optical imaging system. Since different tissues have different
chemical composition and microscopic structure, their appearances differ in OCT
images. Qualitative differences in appearance have been used clinically for
identifying and characterizing plaques. However, this qualitative approach requires
extensive experience and is prone to instrumental and human errors. To assist in
tissue characterization, the present invention provides various means to incorporate
quantitative measurements. In some embodiments, this tissue characterization is
performed automatically using the processor 22 and characterization software.
[0056] In one embodiment of the invention, the characterization software inputs
the OCT data, calibrates the signal strength, enhances data quality via filtering,
corrects imaging artifacts, and calculates parameters for all tissue regions or specific
regions of interest identified by operators, and uses the parameters stored in database
to identify tissue type or characterization. In this embodiment, the characterization

software identifies at least one of the tissue optical properties or spatial features from

- 15 -
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OCT data. The tissue optical properties are calculated and displayed. The individual
tissue optical properties are displayed either individually or in combination.

[0057] To calculate the optical parameters of the tissue, many optical models can
be used. In one embodiment of the present invention, the optical parameters of the
tissue can be extracted by fitting the data based on single-scatterer theory. In another
embodiment of the present invention, the optical parameters can be extracted by
models, such as the extended Huygens-Fresnel (ELF) theory that include
multiple-scatterer effect.

[0058] In one the embodiment, discussed below, P(z) is the power of OCT signal
received. According to single-scattering theory, the OCT signal power P(z) collected

from a homogeneous sample, from depth z, to z; is described by:

P(Z): KA(Z:¢)T(ZO)/% exp(—2yaz), Zy<z<z

1.1
log]P(2)] = log[KA(z, )T (2, )]+ loglu, )~ 2417, 24 <z <7, (1.1

where z is the depth into the sample, K is the delivered incident power, A(z, ¢) is the
optical system efficiency, T(z) is the optical transmission efficiency from tissue
surface to depth zo, py, is the tissue backscattering coefficient, and p, is the tissue
attenuation coefficient. In A(z, ¢), the angular dependence ¢ arises from varying
beam delivering efficiency caused by catheter rotation and blood attenuation. The z
dependence is caused by factors such as the divergent beam focusing profile. The
tissue back-scattering coefficients and the attenuation coefficients are characteristic of
tissue types and are the principal optical parameters used in certain embodiments to
determine the tissue characteristics. For a specific imaging setting, the K value and

A(z, ¢) value are constant. For a specific region of interest, the T(zo) is also a

- 16 -
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constant. However, there can be variations from these constants in some
embodiments. Given a substantially constant behavior for the different parameters
discussed above, a linear relationship between log[P(z)] and the depth z is a
reasonable assumption. Accordingly, a line can be fit to the data describing the
relationship between scan depth and the signal received by the OCT system. This
linear model has various uses. For example, based on this linear model, the
attenuation coefficient can be calculated from the slope of the fitted line; while the
backscattering coefficient can be calculated from the offset of the fitted line.
[0059] With respect to the depth parameter, the z dependence is illustrated by
Figures 3A and 3B as discussed below. In turn, the z-dependence can be resolved
using a model fit to the data shown in Figure 3C. The ¢ dependence has many
influencing factors that can be addressed using certain techniques. In one
embodiment, the ¢ dependence is resolved using a model fit to the data of Figure 4B

as described below.

[0060] The OCT imaging machine and sample arm beam delivery device has
various optical efficiencies. To ensure the accurate measurement of tissue optical
properties, in addition to noise subtraction and filtering, the imaging system must be
carefully calibrated and various artifacts must be removed. As shown in Fig. 2, to
calibrate the light intensity exiting the sample probe, one embodiment of this
calibration method places a semi-transparent layer of materials 30, having a known
backscattering coefficient, around the optical probe 32. In the figure shown, both are
disposed in a lumen of interest 34.

[0061] The OCT intensity from this layer 30 is proportional to light intensity

exiting the probe, thereby providing a calibrated optical reference. This

-17 -
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semi-transparent layer 30 can be in the form of outer sheath of the catheter, a layer
between the outmost sheath and the optical fiber probe, or a specific semi-transparent
coating on the optical fiber, the catheter sheath or other structural layers in between
that has calibrated reflection coefficients. In order to consider this embodiment in
more detail, it is useful to review the components of an exemplary OCT probe.
[0062] In one embodiment, the OCT probe is composed of the rotating optical
fiber 32 surrounded by one or more layers of plastic or glass. These constitute a
substantially stationary protective sheath. The partial reflector can be either layer 30
(which is a part of the sheath), or an interface inside the optical fiber or GRIN lens
assembly. The advantage of using layer 30 is that the intensity of layer 30 is generally
visible in the OCT images. The disadvantage of layer 30 is that it is a larger and more
complex structure. This greater size and complexity may be non-uniform and the
overall layer may have a rotational dependence. One advantage of using the interface
as the reflector is that it rotates together with the fiber. Hence, it does not suffer
potential rotational dependence. The disadvantage of the interface is that it may lie
outside the normal OCT scan range (i.e. proximal to the fiber tip, where the normal
OCT image range begins just distal to the fiber tip) requiring the OCT scan range to
adjusted inward to capture this interface and losing a commensurate portion of the
outer scan region.

[0063] The partial reflector 30 is used to calibrate the delivered incident light
intensity (K). Partial reflecting layer 30 can be calibrated by injecting a laser of
known intensity and recording the reflected signal strength.

[0064] An electromagnetic beam such as an optical beam suitable for performing

OCT scans is shown in Fig. 3A, where wy is the beam waist and z, is the Rayleigh
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range. Due to finite wavelength, the optical beam used in the imaging is a Gaussian
beam which is divergent from the beam waist. It produces a beam focusing profile

that can be described by the Lorentzian function.

2
Zg

z+(z=f)

A(z) o (1.2)

In equation 1.2, A(z) is light intensity at depth z, z, is the Rayleigh range, and f'is the
focal length of the lens assembly. In a homogeneous media, the divergent beam
profile produces an OCT intensity pattern that peaks at the focal plane, and rolls off
from either side, as shown in Fig. 3B. To correct for the loss of intensity due to
defocus, the focal length of the imaging probe is measured and the inverse of equation
(1.2) is applied to OCT signal P(z). To suppress excessive boosting of noise in
regions far away from the focus plane, the amplification factor is limited far from the
focusing point as shown in Figs. 3C.

[0065] As shown in Fig. 4A, a probe 50 suitable for collecting OCT data is
shown in the cross-section. During in vivo OCT imaging, the light beam travels
through many catheter sheath layers and liquid layers (such as saline or flushing
agent) before arriving at the vessel walls. These layers may introduce a certain
amount of attenuation that cannot be well predicted. If the light impinges onto the
tissue at an oblique angle, part of its intensity may be lost in the surface reflection. As
shown in the figure, a lumen boundary 53 is shown relative to a superficial layer 55.
The superficial layer 55 includes tissue a few coherence lengths away from the lumen
boundary in the depth dimension is segmented. The region between the lumen
boundary (the inner solid line) and the dotted line is the “superficial layer”. ¢ is the

rotational angle of the probe.
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[0066] To correct for these effects, if the superficial layer 55 and other biological
samples are composed of a homogeneous layer of fibrous tissue beneath the lumen
boundary, it is reasonable to use the superficial layer 55 as a calibration basis for the ¢
dependence in A(z,§). To do this, the boundary 53 between the lumen and the vessel
is found either by manual selection or by an automatic program. The OCT intensity in
the region is then averaged over the depth to give the angular-dependent intensity
profile shown in Fig. 4B. In addition, Fig 4B shows the angular-dependent intensity
profile as a function of ¢ obtained from the superficial layer.

[0067] The inverse of this profile shown in Fig. 4B is applied to OCT signal. The
application of the inverse profile corrects the rotation-dependent intensity variation
and non-uniform blood attenuation in the lumen. For example, applying such an
inverse profile to an OCT image would yield the image shown in Fig. 4A. In general
various profiles and models are used to improve OCT image quality as described
herein. Another problem with tissue characterization arises due to unwanted noise
which makes it more challenging to distinguish tissue boundaries and distinguish
other regions of interest.

[0068] OCT image noise has several components: shot noise, laser noise and
clectrical noise. OCT images are also degraded by speckles. The speckle effect is
inherent to coherent imaging and can reduce the accuracy of measurements of optical
properties. To maintain high-resolution accuracy, denoising procedures that remove
noise without degrading spatial resolution are performed. Fig. SA shows a “before”
image while Fig. 5B shows an improved “after” image following the application of
the denoising procedures. Suitable denoising techniques and algorithms are known to

those skilled in the art.
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[0069] As shown in Fig. 6A, in one embodiment of this invention, a window W of
image data of an appropriate size is taken. This window can be moved as shown in
Fig. 6A to select different regions of interest over time (see Fig. 6B, ROI,).
Alternatively, the window W can be resized. In one embodiment, where no human
interaction or automatic segmentation method is required, a window refers to a one,
two, or three-dimensional point, region, or volume of a specified size. This window
W is sized such that the enclosed region offers sufficient amount of data for reliable
model-fittings while maintaining sufficient spatial resolution. The axial lines (points,
planes, or other elements) in the window W are averaged to produce a depth profile
(or other profile) for that window. Model fitting is applied to the depth profile to
obtain optical properties corresponding to that data window. For example, if a
single-scattering model is employed, the depth profile is scaled as logarithmic as
shown in Fig 6C to facilitate a linear model fit. Then a line fitting is applied to the
profile. Based on Equation (1.1) the offset of the line fitting offers a measurement of
the backscatter coefficient, while the slope offers a measurement of the attenuation
coefficient.

[0070] Once an initial data set as been collected, the window W is then moved
inside the OCT image to obtain optical properties at different locations in the image
(see arrows shown in Fig. 6A showing possible directions of window movement). In
another embodiment, region of interest (such as ROI4 for example) are drawn either
by a human operator or by a processor-based computer program or other software
module. An exemplary region of interest ROl is shown in Fig. 6B. OCT data inside

a region of interest, such as that shown in Fig. 6B, is averaged to produce a depth
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profile. In turn, the optical properties for the regions of interest are obtained by model
fitting such as the linear data fitting shown in Fig. 6C.

[0071] The wall of certain lumens, such as an artery, is a layered structure that
includes different tissue components. In some embodiments, the linear model fitting
shown in Fig. 6C is only accurate for a single lumen layer. Accordingly, to obtaining
optical properties for regions of interest in a multi-layered structure, the lumen surface
and the extent of the OCT penetration limit are first found by processing the OCT
image or optical properties obtained from the OCT image. In one embodiment, this is
performed by an automated computer program. In Fig. 7, the outer boundary Bocr
shows the penetration limit of the OCT system. In contrast, the inner boundary of the
lumen is show by the inner boundary Byym. A cross-section of the imaging probe P
is also shown. As shown, the visibility of the outer boundary Bocr has been enhanced
by the automated computer program.

[0072] In addition to analyzing a multi-layered structure and obtaining optical
property data, the boundaries between different tissue types are also of interest. In one
embodiment of this invention, the tissue boundary detection is obtained by analyzing
a single depth scan. An example of such boundary detection can be understood using
the illustrative OCT data plot and linear curve fitting model in Fig. 8. The depth
profile is fitted with piece-wise model. As shown, although non-limiting, different
linear portions (P1-P3) are shown. Once the piece-wise linearization is complete,
such as shown in Fig. 8, the discontinuities or break-points denote the tissue
boundaries, while each line segment denotes one tissue type. For example, in Fig. &,
P1 represents or corresponds to the fiber tissue, P2 represents or corresponds to

calcification tissue, and P3 represents or corresponds to lipid tissue. The discontinuity
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between P1 and P2 shows a tissue boundary between the fiber tissue and the
calcification tissue.

[0073] In another embodiment of this invention, tissue boundary detection is
obtained by analyzing 2D or 3D OCT images, either by a human operator or an
automatic algorithm. An example of such boundary detection is illustrated in Fig. 9.
As shown, a two-dimensional OCT image of a lumen is shown. The lumen L and
calcification C boundaries are detected with automatic edge-detection methods, e.g.,
edge detection algorithm.

[0074] Once tissue boundary detection is complete, corrected optical properties
are retrieved by computational models. One example of such a model compensates
for backscattering by the amount of cumulative attenuation due to any layers between
the region being scanned and the imaging catheter. For the hypothetical OCT image
shown in Fig 10A, first the tissue region Y is segmented by methods outlined above,
which has different optical properties from the surrounding tissue region X. There
may be up to N scan lines in the OCT images. Without loss of generality, two scan
lines S; and S, can be considered. These two scan lines intersect with the lumen
surface, the top boundary of tissue Y, and the bottom boundary of the tissue Y at A4,
B, C; and Ay, By, Cy, respectively. Ifthe length of segment A;B; and A,B; is d;, and
dy, respectively, the intensity profile of S; and S, are shown in Fig. 10B and 10C,
respectively. The slope Sy i and Sy ; of the intensity profile S; and S, are calculated in
their respective regions, where subscript 1 denotes the different scan lines.

[0075] To reduce the effect of noise and speckle, the attenuation coefficients of
tissue X and Y are then calculated as the average of the slopes of all scan lines. The

backscattering coefficient of tissue X is calculated as the offset of the intensity profile
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between A; and B;. However, because the attenuation effect of tissue X, the
backscattering coefficients of tissue Y can not be calculated simply by the offset of the
intensity profile between B; and C;. Another approach is used. Specifically, the effect
on the offset by the attenuation due to the tissue X on top of tissue Y can be

compensated using the following equation:

Op; =0y + Syudi i=12,

In the equation above, the Oy; is the offset of the line fitting of tissue Y, Sy is

calculated from the line fitting of tissue X, d; is the thickness of tissue X. The O, ; and

0

.. are the compensated and the original offset of the line fitting at tissue Y,

respectively. S, ; is the slope of the line fitting at tissue X and d; is the depth spanned

by scan line inside tissue X.

[0076] To reduce the effect of noise and speckle, the backscattering coefficients
of tissue X and Y are then calculated as the average of the compensated offsets of all
scan lines, Although in the above example the hypothetical image has only two tissue
layers, the method can be extended to multiple-layers OCT image by compensating
the offsets of bottom layer iteratively from the top.

[0077] Another embodiment of this invention relates to the extraction of image
features associated with specific tissue types based on 2D or 3D images. These
features are not extracted solely from a depth-dependent scanning line, but rather rely
on analysis of the patterns of neighboring scans. One example is differentiating
calcium tissue and lipid tissue. In OCT, both tissue types appear to be signal poor
while the surrounding fibrous or ground tissues appear to be signal rich. However, the

boundary between calcium tissue and fibrous tissue is usually sharp, while the
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boundary between lipid tissue and fibrous tissue in OCT usually appears diffusive.
The boundary sharpness can be quantified by measuring the derivative of the image
brightness (edge acutance). Other quantifiable local image features include texture
and shape information.

[0078] One semi-automatic method for measuring boundary sharpness requires
the operator to roughly preselect an edge line or a small area enclosing the edge line.
Edge detection algorithms (such as Canny’s edge detector or region-growing methods)
are then used to detect the precise location of the edges. The gray-level variance
across the edge line yields a measure of the edge acutance. The edge acutance value is
calculated by quantifying the inside-to-outside differences between the signals of the
plaque and the surrounding tissue.

[0079] In computer vision, texture usually refers to patterns of local variations in
brightness. In an OCT image, texture is closely related to the speckle formation,
which is influenced by the density and size distribution of scattering elements or
structures. In vessel imaging, under similar focusing conditions, the texture is
observed to be correlated to tissue type. For example, large and densely packed
macrophage foam cells form large speckles and exhibit a “solid” texture; while
loosely packed proteoglycan molecules with smaller scattering elements form small
speckles and exhibit a “gel” texture. There are numerous ways to quantify texture
information in computer vision, including methods based on intensity statistics
(histogram or variance), local pattern analysis (e.g., spatial gray-level co-occurrence
matrices), or spectral analysis.

[0080] Different atherosclerosis plaques have different geometrical shapes. For

example, the foam cells usually form ribbon-like features on the shoulders of large
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lipid pool. In turn, the media appears like annulus around the vessel, etc. The shape
information is currently used in qualitative assessment of OCT images. In
computerized shape analysis, compactness, Fourier descriptors, central invariant
moment, and chord-length distributions are the most commonly used methods. It
should be appreciated that shape information can be either 2D shape, 3D shape or
both.

[0081] It should be appreciated that while optical backscattering coefficient,
optical attenuation coefficient, image edge sharpness, image texture, image shape are
described in detail above as tissue parameters, the present invention is not limited to
these parameters. Thus, other parameters (such as optical anisotropic factor) are
within the scope of this invention. It should also be appreciated that while models and
calculation methods to derive the parameters described above are possible methods,
there are other physical models or calculation methods that are within the scope of this
invention.

[0082] A quantitative measurement of optical tissue and image properties can be
displayed to an OCT operator to assist in clinical interpretation. In one embodiment,
the tissue properties are displayed individually. In another embodiment, multiple
tissue properties are displayed together using a combination display method. For
example, there are two tissue cross-sections shown in Fig. 11A. The attenuation
coefficients and backscattering coefficients are shown individually using a grayscale
mapping. Fig. 11B shows a combination display method where the color map is
devised to combine the backscattering and attenuation measurements. Letter “C”,
“F”, and “L” denote the positions of average backscattering and attenuation

coefficients for calcification, fibrous and lipid tissue, respectively. Fig. 11C shows
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the images combining backscattering and attenuation measurements in Fig. 1 1A using
the color-map defined in Fig. 11B. Because the figures are published in
black-and-white, Fig. 11D and Fig. 11E are shown by replacing the color-map in Fig.
B and C with hatched texture maps. Improved contrast enhancement can be obtained
using this approach to visualize plaques. It should be noted that instead of texture
map, color-map or symbol encoded map using true colors or symbols can also be used
and often generates improved visualizations.

[0083] In the another embodiment of the present invention, the characterization
software analyzes the OCT data and measured tissue optical properties to generate
image segmentations, define tissue boundaries, and identify tissue elements in
samples of interest. The tissue parameters are calculated for each tissue sample or
element thereof and compared to the parameters stored in a database. Based on these
results, the tissue type or characterization is assigned to the tissue sample of element
thereof according to univariate or multivariate discriminant analysis or classification.
In one embodiment, the calculated tissue parameters are displayed as numbers or
color-coded images (e.g., discrete colors, grayscale, etc.). In another embodiment, the
derived tissue types are displayed to the user as texts or color-coded images (e.g.,
discrete colors, grayscale, etc.). These features are described below in more detail.
[0084] Another method of generating and analyzing quantitative measurement of
tissue optical and image properties is shown in Figs. 12A and 12B. In one
embodiment, two major phases can be used. The first phase is an analysis and
database populating phase and the second phase is a tissue characterization phase for a
patient. These phases can be performed using the database and software shown in Fig.

1.
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[0085] As shown in Fig. 12A, in the database populating phase, the vessel
samples are excised and prepared (step 101) and OCT data is collected from a portion
of'the vessel. The histology data (step 103) and OCT data (step 104) are collected in
parallel as shown. In one embodiment, the OCT data is calibrated and the artifacts
removed to generate consistent measurement. In one embodiment,
data-preprocessing steps (step 108) are performed. The data-preprocessing steps can
include, but are not limited to calibrating the system power, correcting a focusing
effect, correcting angular dependence, and de-noising steps described in text above
and in Figs. 2, 3, 4, 5. The interrogated portion of the vessel is sectioned and
processed by standard histology processing. Regions of interest encompassing
specific tissue type (or vessel characterization) are identified by operator or a machine
using certain criteria (Step 112). The regions of interest are mapped (step 114) to the
OCT image data or processor-generated OCT image. Optical properties and spatial
feature extraction (step 118) can also be performed. Finally, any resolved tissue
properties can be stored (step 122) in a database for future analysis.

[0086] Similarly, Fig. 12B shows a method of identifying tissue type in situ. This
method includes the step of collecting OCT data (step 126). Once collected, this OCT
data is used to generate an OCT image (step 130) with respect to the scanned lumen or
other sample of interest. In one embodiment, the OCT image is then subjected to the
data-preprocessing steps (step 134). Optical properties and spatial feature extraction
(step 138) can then be performed as outlined above. Tissue type identifiers or
signatures are generated (step 142) as discussed above. Next, any suitable tissue type
identifiers or signatures are stored (step 146) in the relevant database. At this point,

various types of statistical analysis (step 150) as described herein can be performed to
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identify a particular tissue type in the OCT image using the stored tissue type
identifiers or signatures.

[0087] During database population phase, different tissue types are identified and
mapped on the histology images. These tissue identifiers or signatures that are stored
can be used in the future to automatically identify tissue elements and types of interest
for new OCT scans. The corresponding regions are also identified in the OCT data or
image. An example of such mapped histology images is shown in Fig. 13A where
tissue types (e.g., fibers (“F”), calcification (“Ca”), etc) were identified. The
corresponding mapped OCT image is shown in 13B. At least one optical property and
other image features are extracted and stored in a tissue property database. The
above-described process is repeated for each tissue types and each characterization as
many times as desired to increase the accuracy of the quantitative measurement of
parameters.

[0088] An example of suitable data for use in the database is shown in Fig. 14,
where the attenuation and backscattering coefficients for three tissue types are plotted.
As shown in the plot, the calcification, fiber and lipid tissue forms clusters that are
distinguishable by their positions in attenuation/backscatter space, which is the basis
for the tissue characterization. In the tissue characterization phase, the vessel to be
interrogated is imaged with OCT. The image is calibrated and the artifacts are
removed. Then regions of interest are generated either by operator input or by
automatic segmentation algorithm. The optical properties and other image features
are extracted from the regions of interest. The quantitative measurements are

compared to the tissue property database generated in the first phase.
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[0089] There are many statistical methods to compare the tissue properties of a
ROI to the database and to assign the tissue type. In one embodiment of this invention
the discriminant analysis method (or classification analysis method) is used to
identify tissue types based on the tissue properties. For example, different tissue types
have different the optical backscattering L, and the attenuation coefficient p,. For any
ROI to be examined, both parameters are measured. Hence, during the database
population phase, the (U, W) pairs of different tissue types are obtained.

[0090] During characterization phase, the (s, Ua) pair of the tissue ROI is
obtained, and the Mahalanobis distance is calculated between those of new acquired
ROI and those values from the database. From the calculation, a decision is made to
find the best match. For example, as shown in Fig 15A, the distance is shortest
between the ROI to the fibers in the database, and the ROI is characterized as fibrous
tissue with a certain amount of confidence. The characterization results can be
displayed as color-coded image or displayed using text legends describing the
possible tissue characterization. Fig. 15B is an example of such characterization,
where the overall gray dotted region represents the fibrous region, while the bottom
“-” dotted region represents the lipid region. The different color-coded or selectively
marked tissue regions and the associated coded legends, include but are not limited to
a fiber, lipid pool, fibrofatty, calcium nodule, calcium plate, calcium speckled,
thrombus, foam cells, proteoglycan, and others. Fig 15B and Fig 11C are related, but
different. In Fig 15B the tissue types are pre-classified for the clinicians, while in Fig
11C, a contrast-enhanced image is displayed, but the decision of tissue type is made

by clinicians when interpreting the image.
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[0091] It should also be noted that the optical properties and image features for
such discriminant or classification analysis are not limited to backscattering
coefficients and attenuation coefficients, but include, although not limited to edge
sharpness, texture parameters, plaque geometrical shape etc. In addition, the
algorithms for performing such analysis are not limited to Mahalanobis distance
analysis, but include a variety of statistical methods. Biological tissues are complex.
There are many tissue types and sub-types that possibly could not be distinguished by
only combining the backscattering and attenuation measurements. For example, the
foam cell tissue, and the lipid both have high backscattering and attenuation.
Calcification and certain loose connective tissue both have low backscattering and
low attenuation. In addition, there are often some overlaps for backscattering and
attenuation measurements between different tissue types. For example, some large
calcified plaques have small lipid or fibrous tissue pockets embedded inside, hence
having higher backscattering coefficients. In these cases, it is often necessary to make
additional optical or image parameters to assist or refine tissue characterization.
[0092] Additional parameters may be used for assisting and refining tissue
characterization. In Fig 16A is a plot summarizing the backscattering vs. attenuation
plot shown in Fig 14. There are significant overlaps between calcification to the
lipid/foam cells tissue. The lipid tissue and foam cell tissue also have similar
properties. Therefore, a discriminant method based on this plot alone is not sufficient
to distinguish these tissue types with high accuracy.

[0093] Fig. 16B shows a plot of edge sharpness measured for the boundary
formed by the calcification tissue and fibrous tissue, and the boundary formed by the

calcification tissue and lipid tissue. Significant difference was found for the edge
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transition width between these two types of boundaries. Hence, Fig. 16B could be
used to further refine the tissue classification.

[0094] In OCT coronary artery imaging, foam cells are also an important
indicator of discase state. The foam cells are usually enlarged macrophage or smooth
muscle cells that are filled with lipid droplets. Because of the presence of these lipid
droplets, it is often difficult to distinguish them from some lipid tissues. However,
because foam cells are large cells and are often clustered into groups of various size,
they tend have different texture appearance from lipid tissues, which are usually
composed of extracellular lipid.

[0095] Fig 16C shows a texture parameter, gray-level co-occurrence matrix for
lipid and macrophage tissue. The gray-level co-occurrence matrix calculation is
available in many standard commercial image processing software, such as Matlab
(MathWorks, Natick, Massachusetts). Although there are still some overlap between
the lipid and foam cells in terms of texture measurements, the additional information
helps to improve tissue characterization accuracy.

[0096] The above analysis is to analyze edge sharpness and texture measurements
after analyzing backscattering and attenuation. In other embodiments all of the
analysis and comparison can be performed in parallel or in a combination
serial/parallel steps. The data and decision shown in Fig. 16 is an example and
additional parameters and threshold can be used with an OCT system trained using

histology data as discussed above to identify any suitable tissue of interest.
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Non-limiting Software Features and Embodiments for Implementing OCT Methods

and Systems
[0097] The present invention may be embodied in may different forms, including,
but in no way limited to, computer program logic for use with a processor (e.g., a
microprocessor, microcontroller, digital signal processor, or general purpose
computer), programmable logic for use with a programmable logic device, (e.g., a
Field Programmable Gate Array (FPGA) or other PLD), discrete components,
integrated circuitry (e.g., an Application Specific Integrated Circuit (ASIC)), or any
other means including any combination thereof. In a typical embodiment of the
present invention, some or all of the processing of the data collected using an OCT
probe and the processor-based system is implemented as a set of computer program
instructions that is converted into a computer executable form, stored as such in a
computer readable medium, and executed by a microprocessor under the control of an
operating system. Thus, query response and input data are transformed into processor
understandable instructions suitable for generating OCT data, histology images, OCT
images, ROIs, overlays, signal processing, artifact removal, and other features and
embodiments described above.
[0098] Computer program logic implementing all or part of the functionality
previously described herein may be embodied in various forms, including, but in no
way limited to, a source code form, a computer executable form, and various
intermediate forms (e.g., forms generated by an assembler, compiler, linker, or
locator). Source code may include a series of computer program instructions
implemented in any of various programming languages (e.g., an object code, an
assembly language, or a high-level language such as Fortran, C, C++, JAVA, or

HTML) for use with various operating systems or operating environments. The
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source code may define and use various data structures and communication messages.
The source code may be in a computer executable form (e.g., via an interpreter), or the
source code may be converted (e.g., via a translator, assembler, or compiler) into a
computer executable form.

[0099] The computer program may be fixed in any form (e.g., source code form,
computer executable form, or an intermediate form) either permanently or transitorily
in a tangible storage medium, such as a semiconductor memory device (e.g., a RAM,
ROM, PROM, EEPROM, or Flash-Programmable RAM), a magnetic memory device
(e.g., a diskette or fixed disk), an optical memory device (e.g., a CD-ROM), a PC card
(e.g., PCMCIA card), or other memory device. The computer program may be fixed
in any form in a signal that is transmittable to a computer using any of various
communication technologies, including, but in no way limited to, analog
technologies, digital technologies, optical technologies, wireless technologies (e.g.,
Bluetooth), networking technologies, and internetworking technologies. The
computer program may be distributed in any form as a removable storage medium
with accompanying printed or electronic documentation (e.g., shrink-wrapped
software), preloaded with a computer system (e.g., on system ROM or fixed disk), or
distributed from a server or electronic bulletin board over the communication system
(e.g., the Internet or World Wide Web).

[00100]  Hardware logic (including programmable logic for use with a
programmable logic device) implementing all or part of the functionality previously
described herein may be designed using traditional manual methods, or may be

designed, captured, simulated, or documented clectronically using various tools, such
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as Computer Aided Design (CAD), a hardware description language (e.g., VHDL or
AHDL), or a PLD programming language (e.g., PALASM, ABEL, or CUPL).
[00101] Programmable logic may be fixed either permanently or transitorily in a
tangible storage medium, such as a semiconductor memory device (e.g., a RAM,
ROM, PROM, EEPROM, or Flash-Programmable RAM), a magnetic memory device
(e.g., a diskette or fixed disk), an optical memory device (e.g., a CD-ROM), or other
memory device. The programmable logic may be fixed in a signal that is
transmittable to a computer using any of various communication technologies,
including, but in no way limited to, analog technologies, digital technologies, optical
technologies, wireless technologies (e.g., Bluetooth), networking technologies, and
internetworking technologies. The programmable logic may be distributed as a
removable storage medium with accompanying printed or electronic documentation
(e.g., shrink-wrapped software), preloaded with a computer system (e.g., on system
ROM or fixed disk), or distributed from a server or electronic bulletin board over the
communication system (e.g., the Internet or World Wide Web).

[00102]  Various examples of suitable processing modules are discussed below in
more detail. As used herein a module refers to software, hardware, or firmware
suitable for performing a specific data processing or data transmission task.
Typically, in a preferred embodiment a module refers to a software routine, program,
or other memory resident application suitable for receiving, transforming, routing and
processing instructions, or various types of data such as OCT scan data,
interferometer signal data, clock signals, region of interest types, formulas, and other

information of interest.
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[00103] Computers and computer systems described herein may include
operatively associated computer-readable media such as memory for storing software
applications used in obtaining, processing, storing and/or communicating data. It can
be appreciated that such memory can be internal, external, remote or local with
respect to its operatively associated computer or computer system.

[00104] Memory may also include any means for storing software or other
instructions including, for example and without limitation, a hard disk, an optical disk,
floppy disk, DVD (digital versatile disc), CD (compact disc), memory stick, flash
memory, ROM (read only memory), RAM (random access memory), DRAM
(dynamic random access memory), PROM (programmable ROM), EEPROM
(extended erasable PROM), and/or other like computer-readable media.

[00105]  In general, computer-readable memory media applied in association with
embodiments of the invention described herein may include any memory medium
capable of storing instructions executed by a programmable apparatus. Where
applicable, method steps described herein may be embodied or executed as
instructions stored on a computer-readable memory medium or memory media.
These instructions may be software embodied in various programming languages
such as C++, C, Java, and/or a variety of other kinds of software programming
languages that may be applied to create instructions in accordance with embodiments
of the invention.

[00106] It is to be understood that the figures and descriptions of the invention
have been simplified to illustrate elements that are relevant for a clear understanding
of the invention, while eliminating, for purposes of clarity, other elements. Those of

ordinary skill in the art will recognize, however, that these and other elements may be
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desirable. However, because such elements are well known in the art, and because
they do not facilitate a better understanding of the invention, a discussion of such
elements is not provided herein. It should be appreciated that the figures are presented
for illustrative purposes and not as construction drawings. Omitted details and
modifications or alternative embodiments are within the purview of persons of
ordinary skill in the art.

[00107] It can be appreciated that, in certain aspects of the invention, a single
component may be replaced by multiple components, and multiple components may
be replaced by a single component, to provide an element or structure or to perform a
given function or functions. Except where such substitution would not be operative to
practice certain embodiments of the invention, such substitution is considered within
the scope of the invention.

[00108] The examples presented herein are intended to illustrate potential and
specific implementations of the invention. It can be appreciated that the examples are
intended primarily for purposes of illustration of the invention for those skilled in the
art. There may be variations to these diagrams or the operations described herein
without departing from the spirit of the invention. For instance, in certain cases,
method steps or operations may be performed or executed in differing order, or
operations may be added, deleted or modified.

[00109]  Furthermore, whereas particular embodiments of the invention have been
described herein for the purpose of illustrating the invention and not for the purpose of
limiting the same, it will be appreciated by those of ordinary skill in the art that

numerous variations of the details, materials and arrangement of elements, steps,
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structures, and/or parts may be made within the principle and scope of the invention
without departing from the invention as described in the claims.

[00110] What is claimed is:

-38 -



WO 2009/149131 PCT/US2009/046035

10

15

20

CLAIMS

1. A processor-implemented method for identifying tissue components in situ
comprising the steps of:

a. collecting an OCT dataset of a tissue sample iz situ using a probe;

b. measuring an attenuation value and a backscattering value at a point in the
tissue sample; and

c. determining a tissue characteristic at a location in the tissue sample
corresponding to an image location in an OCT image formed from the OCT dataset in

response to the measured attenuation value and backscattering value.

2. The method of claim 1 further comprising mapping a pair of coordinates in

backscatter-attenuation space to an indicium of the value of the pair of coordinates in

the backscatter-attenuation space.

3. The method of claim 2 wherein the indicium is a color.

4. The method of claim 2 further comprising displaying the indicium corresponding to

the measured attenuation and backscatter at the point in the OCT image.

5. The method of claim 1 wherein the tissue characteristic is selected from the group

consisting of cholesterol, fiber, lipid pool, fibrofatty, calcification, red thrombus,

white thrombus, foam cells, and protcoglycan.
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6. The method of claim 1 wherein the indicium is selected from the group consisting

of an over-lay, a colormap, a texture map, and text.

7. The method of claim 1 further comprising the step of classifying tissue type using a
property selected from the group consisting of backscattering, attenuation, edge

sharpness and texture measurements.

8. The method of claim 1 further comprising the step of correcting a focusing effect to

improve tissue type classification.

9. The method of claim 1 further comprising the step of applying angular intensity

correction to account for an attenuation effect.

10. The method of claim 9 wherein the attenuation effect is blood related.

11. The method of claim 1 further comprising the step of determining a tissue
characteristic using a technique selected from the group consisting of boundary

detection, lumen location, and OCT location depth determination.

12. A system for identifying tissue components i situ comprising:
a. an OCT subsystem for taking an OCT image of a tissue in situ;
b. a processor in communication with the OCT subsystem for measuring the

attenuation and backscatter at a point in the OCT image and determining a tissue
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characteristic of the tissue at a location in the tissue corresponding to the point in the
OCT image in response to the measured attenuation and backscatter; and
c. a display for displaying the OCT image and an indicium corresponding to

the measured attenuation and backscatter at the point in the OCT image.

13. The system of claim 12 wherein the tissue characteristic is selected from the
group consisting of cholesterol, fiber, fibrous, lipid pool, lipid, fibrofatty, calcium

nodule, calcium plate, calcium speckled, thrombus, foam cells, and proteoglycan.

14.  An optical coherence tomography system for identifying tissue characteristics
of a sample, the computer system comprising:

a detector configured to receive an optical interference signal generated from
scanning a sample and converting the optical interference signal to an electrical
signal;

an electronic memory device and

an electronic processor in communication with the memory device and the
detector, wherein the memory device comprises instructions that when executed by
the processor cause the processor to:

analyze the electrical signal and generate a plurality of datasets
corresponding to the sample, wherein one of the plurality of datasets comprises
backscattering data;

compare the backscattering data to a first threshold, the backscattering

data mapping to a first location in the sample; and
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if the backscattering data exceeds the first threshold, characterize the
first location in the sample as having a first tissue characteristic.
15. The system of claim 14 wherein the first tissue characteristic is selected from
the group consisting of cholesterol, fiber, fibrous, lipid pool, lipid, fibrofatty, calcium

nodule, calcium plate, calcium speckled, thrombus, foam cells, and proteoglycan.

16. The system of claim 14 wherein the processor is further caused to generate an
OCT image of the sample such that the first tissue characteristic is identified and

displayed relative to the first location.

17. The system of claim 14 wherein one of the plurality of datasets comprises

OCT scan data, attenuation data, edge sharpness data, texture parameters, and

interferometric data.
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