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METHOD AND SYSTEM OF
CHARACTERIZATION OF CAROTID
PLAQUE

[0001] This invention was partially supported by the
National Institutes of Health under Contract No. HL.103387.
The Government has certain rights in the invention.

TECHNICAL FIELD

[0002] The present application may relate to imaging,
detection, characterization, monitoring, and risk stratification
in medical imaging.

BACKGROUND

[0003] Carotid atherosclerosis is a pathological build-up of
fatty materials on carotid artery wall. The build-up usually
has a fibrous cap and necrotic core (NC). Carotid atheroscle-
rosis is a slow initially asymptomatic prognosis which even-
tually becomes symptomatic and may lead to cardiovascular
or neurovascular events, depending on the characteristics of
the plaque. Research has shown that the morphological, com-
positional, mechanical, electromagnetic properties and sur-
rounding hemodynamics may have significant diagnostic
effect.

[0004] Conventional treatment of carotid atherosclerosis
includes medication, stenting, and endarterectomy. The
selection criteria for treatment are cardio- or neurovascular
symptoms and the degree of stenosis. Stenosis is an abnormal
narrowing of the vascular channel. Unfortunately, these cri-
teria do not appear to be good indicators of vulnerable plaque
that may cause stroke.

[0005] Medical ultrasound imaging has been the screening
tool of choice so as to identify the degree of stenosis. Typi-
cally, a Duplex ultrasound, spectral Doppler plus 2D B or BC
mode ultrasound images, estimates the degree of stenosis
from the blood speed measured by the Doppler gate in the
carotid lumen, and the location or size of the plaque from the
B or BC mode images. Experienced sonographers may also
qualitatively estimate the degree of stiffness of the plaque
based on the subjective acoustic image appearance. Patients
are then assigned to different treatment paths according to
their Duplex ultrasound screening results. Despite the
improvement of medical ultrasound imaging, the technique
does not yet provide a reliable estimate on the plaque vulnet-
ability.

[0006] There are several factors that prevent medical ultra-
sound from reliably estimate the vulnerability. Consistent
imaging settings across a population of patients is yet to be
achieved. The arbitrary location of the 2D imaging plane and
subjective setting of imaging parameters such as gain, for
example, make it difficult to identify and extract features
characteristic of vulnerable plaque. Moreover current
approaches do not provide a quantitative measurement of
plaque attributes. Echolucency (transparency of the echo),
smoothness and vessel wall stiffness have been associated
with vulnerability. But, there is no standard quantitative mea-
sure of these three descriptors, or a specific observational
means of quantifying the criteria. Moreover, there is no con-
sistent set of criteria of vulnerability even if such measure-
ments could be made.

[0007] At present the plaque may often characterized by
using Magnetic Resonance Imaging (MRI). US PgPub
20100106022 “CAROTID PLAQUE IDENTIFICATION
METHOD?” describes an algorithm for analyzing the bright-
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ness of an ultrasound plaque image and the thickness of
fibrous cap of the plaque to classify the plaque into high or
low risk. Though the mechanism of plaque vulnerability is not
fully understood, recent histological studies are suggestive
that the vulnerability is associated with the following arterial
characteristics: a) large homogeneous lipid-rich necrotic core
(LR/NC); b) thin fibrous cap; ¢) active inflammation with
hemorrhage or neovasculature; d) severe stenosis; d) endot-
helial denudation with superficial platelet aggregation and
fibrin deposition. Noninvasive techniques for accurately
identifying vulnerable plaques (also called “high-risk”
plaques) would aid in stroke-risk stratification and cost-effec-
tive therapeutic intervention.

BRIEF SUMMARY

[0008] Herein, an apparatus and method for charactering
carotid plaque as a function of'its morphological, mechanical,
electromagnetic and hemodynamic properties using ultra-
sound or other non-invasive imaging modalities and a struc-
tured interactive strategy for using the measured characteris-
tics is described. In particular, the method may, for example,
begin with a step of characterization of the plaque using an
imaging modality of low cost and easy access such as ultra-
sound (US), and continue, if needed to a step of further other
modalities such as MRI or CT (computerized tomography),
or to a step of making a diagnosis and selecting a treatment
path. For example, ultrasound (US) may be used to screen-out
low-risk patients and refer other patients for more detailed but
more expensive analysis, such as MRI or CT (computed
tomography). The results from ultrasound may be interac-
tively combined with the imaging results from MRI or CT to
form a more complete evaluation of the patient.

[0009] Disclosed herein are methods and systems for stan-
dardizing aspects of imaging in ultrasound imaging and auto-
mating analysis of carotid plaque shown in such images, with
or without human intervention in the analysis process.
[0010] In an aspect, a system and method is provided for
standardizing the brightness of observed carotid lumen and
surrounding tissue across an ensemble of patients during or
subsequent to ultrasound image acquisition. The system and
method also makes the observed speckle pattern consistent
across an ensemble of patients for ultrasound imaging,
[0011] The speckle characteristic in an ultrasound image
may be subject to texture analysis and may be related to
specific tissue types. Tissue type identification is a basis for an
image standardization technique that mitigates the variation
of image characteristics of existing US techniques, and gen-
eralizes ultrasound imaging so as to be subject to computer
aided segmentation and analysis.

[0012] In another aspect, a method is provided for auto-
mated identification of plaque in an image of a person. The
existence of plaque may be characterized, for example, as 1)
protrusion of vessel wall into carotid lumen which narrows
the lumen; or 2) thickness of intima-media layer of the vessel
wall bigger than 0.5 mm With the acquisition of data from one
or more imaging modality, which may be associated in space
or time, the identification of lumen, vessel wall and plaque
can be automated. The composition of the identified plaque
may also be characterized.

[0013] For example, the vessel wall boundary may be esti-
mated from the blood flow profile or the tissue displacement
velocity pattern during a cardiac cycle. This vessel wall
boundary estimate may serve as the initial lumen boundary
for further processes. A plurality of image types may be
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aligned in space or time, and the images may be obtained by
a plurality of imaging modalities. Physical device location
methods, timing using absolute time, cardiac, and relative
time may be used to select, fuse and analyze the image data.
Cross-correlation of signals from multiple images may be
used. Where the term “image” is used, a person of skill in the
art would understand that this is also intended to refer to the
data set from which an image, a trace, or other representation
of the data set may be produced. Different types of ultrasound
image data herein means, for example, B-mode, tissue veloc-
ity or flow velocity images or volumes, and their radio fre-
quency (RF) or I and Q representations from the RF acoustic
data, with or without envelope detection, contrast enhance-
ment or scan conversion spectral Doppler or M-mode traces.
[0014] Automation may include signal processing and pat-
tern recognition techniques. Brightness quantification may be
adaptive based on the local region appearance, or may be
analytic (e.g. texture analysis) with the imaging settings com-
puted at the time of data acquisition, or subsequently. Texture
analysis may include, for example, a plurality of texture com-
putations at multiple resolutions or distances from Haralick
texture features, gray level difference features, run-length
features and Laws texture features. The overall texture fea-
tures can be brightness/gain independent or dependent with
or without dimension reduction. Dimension reduction pre-
serves the most significant information at the minimal suffi-
cient dimensions. The multi-level pattern recognition and
classification of the plaque from the above features may be
rule based or statistical-model based. The process scale size
of the characterization may be, for example, multi-scaled
from pixel, to small regions, or the whole plaque structure.
The automation process can be edited by human intervention
to correct algorithmic errors or improve the accuracy.
[0015] Inanexample, the apparatus and method may result
in the output acquired data, processed data and analysis
results, or a combination thereof, by a display device, elec-
tronic media or hard copy, in their original format or pseudo-
color-coded format. The data may be transferred by elec-
tronic storage media, data network or hard copy for
comparison to other test results. The processed data may
include the intermediate quantification, classification and risk
score in the form of text, graphs, 2D (two-dimensional)
images, 3D (three dimensional) volume at a particular time
and location, or in a series of time and location images to
show retrogression or progression of the syndrome.

[0016] In another aspect, the ultrasound data may be com-
bined with data from other imaging modalities for integrated
diagnosis and follow up. In yet another aspect, a method is
provided for automated identification and optimization of the
carotid lumen boundary in 3D with ultrasound imaging. A
B-mode 2D image and a color or B blood flow mode 2D
image may be acquired in which images are geometrically
and temporally registered. A series of such B mode slices and
blood flow slices may be used to form 3D volumes. The blood
flow profile determined from the flow component may pro-
vide an initial location of lumen boundary, which may be
further defined by edge detection or region segmentation in
the B mode component. The observed lumen boundary can be
further refined by manually editing the image.

[0017] Ina further aspect, a method is described for deter-
mining blood flow volume using ultrasound images through a
cardiac cycle. The blood flow volume may be overlaid with a
corresponding B volume. Multiple images covering a cardiac
cycle may be acquired at locations along, for example, the
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carotid artery. The acquisition may be gated, with or without
a timing device or positioning controls. The acquisition vol-
ume may be slowly scanned by moving the acoustic trans-
ceiver of the ultrasound imaging device along the carotid
artery such that the image data covers a predefined number of
cardiac cycles of the targeted volume. Then, the image data
may be sorted according to their temporal position with
respect to the cardiac cycle which may be determined either
by a timing device, such as an ECG, or by signal processing.
This process results in a series of carotid volumes spaced
throughout the cardiac cycle.

[0018] In yet another aspect, a method is described for
integrating data and information from different modalities in
diagnostic decision making and planning of patient care. For
example, the blood flow data from ultrasound images may
clarify the interpretation of shadows in MRI image, which
may be from flow motion, plaque or calcification.

[0019] An ultrasound diagnostic system is described,
including an ultrasound device producing image data of a
patient; a computer in communication with the ultrasound
device, the computer configured to process the image data to
obtain a plurality of feature vectors characterizing a region of
the image. The feature vectors are dimensionally reduced and
used to identify a specific tissue type based on a heuristic.
[0020] A method of analyzing ultrasound data is described,
including the steps of obtaining an ultrasound image of a
region of interest for a patient; determining a set of feature
vectors for a sub-region of the region of interest; and dimen-
sionally reducing the feature vector set and identifying a
tissue type of the sub-region using a heuristic. Where the
identified tissue type is suitable for image standardization,
image gray scale value are standardized with respect to a
predetermined mean gray scale for the identified tissue type,
by adjusting the overall gray scale of the image.

[0021] In another aspect, computer program product,
stored in a non-transient computer-readable medium,
includes instructions interpretable by a computer to cause the
computer to: accept image data image of a region of interest
for a patient; determine a set of feature vectors for sub-regions
of the region of interest; dimensionally reduce the feature
vector set and identify a tissue type of the sub-regions using a
heuristic; wherein when the identified tissue type is suitable
for image standardization, standardize the mean gray scale of
the sub-region with respect to a predetermined mean gray
scale for the identified tissue type by adjusting the overall
gray scale of the image.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1illustrates a B-scan ultrasound image having
texture feature values characteristic of tissue, plaque and
noise, that may be used for algorithm training;

[0023] FIG.2isagraphofthe reduced feature set vectors of
the selected regions of FIG. 1;

[0024] FIG. 3 is a sonogram of a breast where the gray scale
of a region has been standardized,

[0025] FIG. 4 is an ultrasound image of a carotid artery,
where a plaque region has been segmented from the surround-
ing tissues and regions of the plaque having different echo-
genetic properties are further differentiated,

[0026] FIG. 5 is the same ultrasound image as FIG. 4,
where a plaque region having calcification has been seg-
mented and a region of shadowing may be identified below
the plaque;
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[0027] FIG. 6 is another ultrasound image of a carotid
artery where the top version shows two identified regions of
interest, and the bottom shows one of the top regions of
interest in greater detail where the fibrous cap has been delin-
eated;

[0028] FIG. 7 is a simplified system block diagram for an
ultrasound system configured to perform the disclosed meth-
ods (a network interface to either the ultrasound device or the
processor is not shown);

[0029] FIG. 8 shows a flow diagram for a method of acquir-
ing, standardizing and characterizing an ultrasound image;
[0030] FIG. 9 shows a method for acquiring and assem-
bling 3 D images over a cardiac cycle;

[0031] FIG. 10 shows a block diagram of a method for
characterizing patient risk; and

[0032] FIG. 11 shows a method of determining a course of
treatment, or the need for further diagnosis based on the
patient risk as determined by ultrasound image analysis.

DETAILED DESCRIPTION

[0033] Exemplary embodiments may be better understood
with reference to the drawings. In the interest of clarity, not all
the routine features of the implementations described herein
are described. It will of course be appreciated that in the
development of any such actual implementation, numerous
implementation-specific decisions must be made to achieve a
developers’ specific goals, such as compliance with system,
business or regulatory constraints, and that these goals will
vary from one implementation to another.

[0034] The combination of hardware and software to
accomplish the tasks described herein is termed a system.
Where otherwise not specifically defined, acronyms are given
their ordinary meaning in the art.

[0035] The instructions for implementing processes or
methods of the system may be provided on computer-read-
able storage media or memories, such as a cache, buffer,
RAM, removable media, hard drive or other computer read-
able storage media. Computer readable storage media include
various types of volatile and nonvolatile storage media, where
the storage of data is non-transient. The functions, acts or
tasks illustrated in the figures or described herein are executed
in response to one or more sets of instructions stored in or on
computer readable storage media, or distributed thereon. The
functions, acts or tasks are independent of the particular type
of instruction set, storage media, processor or processing
strategy and may be performed by software, hardware, inte-
grated circuits, firmware, microcode and the like, operating
alone or in combination. Likewise, processing strategies may
include multiprocessing, multitasking, parallel processing,
grid processing, and the like.

[0036] Inanembodiment, theinstructions may be stored on
a removable media device for reading by local or remote
systems. In other embodiments, the instructions may be
stored in a remote location for transfer through a computer
network, a local or wide area network, or over telephone lines.
In yet other embodiments, the instructions are stored within a
given computer or system.

[0037] The instructions may be a computer program prod-
uct, stored or distributed on computer readable storage media,
containing some or all of the instructions to be executed on a
computer to perform all or a portion of the method or the
operation of the system.

[0038] Herein a processor or a computer is meant to
include, as needed, a central processor unit (CPU), working
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memory, appropriate storage media for data and software,
network interfaces, including wireless interfaces, Internet
and LAN, input and output data terminals, displays, and the
like, as is known in the art. The processor may be a single
device or distributed amongst the tangible elements of the
system.

[0039] Where the term “data network”, “web” or “Internet”
is used, the intent is to describe an internetworking environ-
ment, including both local and wide area networks, where
defined transmission protocols are used to facilitate commu-
nications between diverse, possibly geographically dis-
persed, entities, including cluster computers on a campus, or
a wide area network, or the like. An example of such an
environment is the world-wide-web (WWW) and the use of
the TCP/IP data packet protocol, and the use of Ethernet or
other known or later developed hardware and software pro-
tocols for some of the data paths.

[0040] Communications between the devices, systems and
applications, and an interface to a data network, may be by the
use of either wired or wireless connections. Wireless commu-
nication may include, audio, radio, lightwave or other tech-
nique not requiring a physical connection between a trans-
mitting device and a corresponding receiving device. While
the communication may be described as being from a trans-
mitter to a receiver, this does not exclude the reverse path, and
a wireless communications device may include both trans-
mitting and receiving functions.

[0041] Where the term “wireless” is used, it should be
understood to encompass a transmitting and receiving appa-
ratus, a transceiving apparatus, or the like, including any
antennas, and electronic circuits for modulating or demodu-
lating information onto an electrical signal, which may sub-
sequently be radiated or received. The term wireless, when
describing an apparatus, does not encompass an electromag-
netic signal in its free-space manifestation. A wireless appa-
ratus may include both ends of a communications circuit or
only a first end of a circuit where another end of the circuit is
awireless apparatus interoperable with the wireless apparatus
at the first end of the circuit. Many connections between
equipment may be either wired or wireless, depending on the
specific design approach chosen.

[0042] In an aspect, the system and method makes use of
the differing texture features associated with differing tissue
types as measured by ultrasound imaging of a person or an
animal.

[0043] Before discussing the various texture features of an
ultrasound image it may be helpful to clarify the terms seg-
mentation, classification and feature measures, as used
herein. Segmentation is used to refer to the process of divid-
ing an image up into substantially homogeneous regions
according to some homogeneity criteria. It is therefore also
concerned with establishing the boundaries between these
regions without regard to the type or class of the regions. Such
boundaries and the identification of tissue types, and the like,
may be on the basis of heuristics. Herein, the term “heuristic”
is intended to mean a selection criteria based on either experi-
mental data or analysis of a structure or image that may be
used to effectively distinguish between two alternate hypoth-
eses. This may be a parameter such as a size, a range of sizes,
relative sizes, a grey scale threshold, or the like, and ulti-
mately related to for example, tissue type.

[0044] Classification refers to the process of grouping
domains of image features into classes, where each resulting
class contains samples meeting some similarity criterion (a
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heuristic). If the classes have not been defined a priori, the
task may be referred to as unsupervised classification. Altet-
natively, if the classes have already been defined (normally
through the use of training sets of sample textures which may
be grouped on the basis of similarity, histological examina-
tion, or previously accepted work) then the process may be
referred to as supervised classification. Herein, the classifi-
cation is generally of the supervised type, unless specifically
noted. However both methods may be used.

[0045] An image having regions of differing textures serv-
ing as features may be segmented using the features prior to,
or subsequent to classification. That is, for example, the
boundary between differing tissue-type regions may be estab-
lished based on a heuristic and regions comprising the same
tissue type separately identified from regions having other
tissue types. This may be presented to a user by a pseudo-
color display, by showing outline boundaries, by shading, or
by other visual or electronic means. When the classification
of images regions by tissue type is performed on a pixel-by-
pixel or similar small-scale basis within a single image then,
as a by-product, effective segmentation of the image also
occurs as a result of the classification.

[0046] To perform the segmentation or the classification,
some homogeneity or similarity criteria may be defined for
each tissue type of sub-type. These criteria are normally
specified in terms of a set of feature measures, which each of
provide a quantitative measure of a certain characteristic tex-
ture features of the tissue. These feature measures are may be
referred to here as texture measures features, or textures.
Where the feature measures are analyzed for purposes of
segmentation or classification purposes the feature measures
may be referred to as feature vectors.

[0047] Ultrasound images may exhibit a variety of textures.
Such textures may be expressed as feature vectors and char-
acterized as representing particular tissue types, at least heu-
ristically. One method of texture analysis is a so-called Haral-
ick feature analysis. This is a gray-scale co-occurrence matrix
(GLCM). Such GLCM analysis may be used to quantify the
number of occurrences, at various distances and angles, of
pixel intensity values with respect to each other. Using such
analysis techniques, image features as angular second
moment, contrast, sum average, sum variance, inverse differ-
ence moment, sum of squares (variance), entropy, sum
entropy, difference entropy, difference variance, correlation,
and maximum correlation coefficient may be calculated.
These may be the raw feature vectors obtained from analysis
of the pixels of an image.

[0048] Selection among extracted image features encom-
passes tradeoffs between desired properties. For example, a
higher order of moment invariant provides more sensitivity
but may make the features more susceptible to noise. Feature
vector space reduction may be performed to select the most
distinctive features. Feature reduction may be divided into
categories, for example: feature selection, in which features
carrying the most information are picked out through some
selection scheme, or feature recombination, in which some
features are combined (e.g., with different weights) into a new
(independent) feature.

[0049] The dimensionality of the feature vectors obtained
may be reduced by techniques such as principal component
analysis (PCA), non-linear iterative partial least squares
(NIPALS), stepwise discriminant analysis (SDA) or other
similar methods in order to plot the data in a two or three
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dimensional form and to visualize data clusters representing
different tissue or structure types.

[0050] The feature vectors may be clustered by unsuper-
vised machine learning methods such as K-Mean clustering,
Ward’s hierarchical clustering, Kohonen’s self-organizing
maps, or similar methods. The feature vectors may be also
classified by supervised learning methods such as linear or
quadratic discriminant analysis (LDA, QDA), neural net-
works (NNs), or support vector machines (SVM).

[0051] Features for the classification of echolucency and
heterogeneity of the plaque may be selected from mean,
standard deviation, variation index, entropy and skewness of
the pixel/voxel gray scales in the plaque. Other measures may
be used as well.

Mean GSM = Z D, i
i

_
Standard deviation (Stdv) Stdv = \/2 pili — GSM)?
i

L Stdv
Variation index (VI) Vi= —
GSM
Entropy (E) E=) pilmpi
7
Skewness (5) P Z pili - GSM)?
Stdv? - '

where p, is the probability of gray scale 1in the plaque region.
[0052] The expected characteristics of some of the tissues
being imaged by ultrasound are likely to be as shown in Table
1. This preliminary characterization is based on an assessment
of previously reported literature.

TABLE ]

Plague Core Material Mean  Stdv A% E S

Lipid no hemorrhage Low Low Mid Low Low
Lipid with hemorrhage ~ Mid Mid High Mid Big
Fibrous High Mid Low High Low

[0053] The artery may be identified as the space between
the lumen-intima interface (lumen boundary) and the media-
adventitia interface (wall boundary). Interior to the lumen
boundary blood flow may be observed, depending on the type
of US image being processed.

[0054] As observed with ultrasound, lipids and blood are
low echogenic materials. Carotid artery plaques with rich
lipid and hemorrhage are more echolucent than others with
calcification and fibrous tissues. Conventional US imaging
may not appropriately differentiate lipid from hemorrhage in
the plaque in the visual analysis of an US image; however, an
accurate assessment of echogenicity would have useful clini-
cal implications, as several published studies have shown that
echolucent and heterogeneous carotid plaques are associated
with increased risk for cerebrovascular events.

[0055] Previously, echogenicity was usually evaluated sub-
jectively. Subjective evaluation uses the observed intensity of
local blood vessel and lumen in the image as reference. The
intensity of the segmented plaque and its surrounding tissues
were categorized into hypoechoic, isoechoic or hyperechoic
according to observer’s visual perception. Such subjective
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evaluation tends to have a large variability. It is also quite
dependent on the settings of the US device and operator
technique.

[0056] Objective evaluation has been used to calculate the
mean or median gray scale (GSM) of the segmented plaque
and its surrounding tissues after gray scale standardization. A
threshold was applied to classify the plaque as a whole entity
into echolucent or echogenic. Objective evaluation by this
method marginally reduces the variability, but may not be
sufficient repeatable for diagnostic purposes. The 2D imaging
plane on a 3D object is difficult to reproduce exactly as the
exact orientation of the sensor head may be poorly controlled.
Moreover, the presence of shadows due to calcification, for
example, may interfere with operator judgment in subjective
evaluations.

[0057] Using feature analysis, the carotid artery and the
surrounding tissue may be differentiated, so as to identify the
outer boundary of the vessel. Similarly, the lumen boundary
may be identified using feature vector analysis, Doppler
(color) images, or the like.

[0058] Speckle is a characteristic image phenomenon in
laser, radar, or ultrasound images. Its effect is to impart a
granular aspect to the image. Speckle is understood to be an
image artifact caused by interference between coherent
waves that, backscattered by natural particles or structures
within an imaging volume arising from small scale structure,
arrive in phase or out of phase at the sensor for a given voxel
(three dimensional pixel volume). Speckle tends to hamper
the perception and extraction of fine details in the image by an
operator. Consequently, in most instances, the objective of
image data processing is to suppress the speckle. However, if
the speckle pattern features of an area of the ultrasound image
can be related to a particular tissue type then not only may the
tissue types be segmented, but the value of the gray scale may
be standardized so as to improve the repeatability of US
images and to automatically classify the types of tissues in the
image. Usually, the only use to which image speckle is put is
to study the dynamics of displacement, stress and strain via
speckle tracking.

[0059] One may use the technique of feature analysis to
characterize small areas of the ultrasound image such as a
pixel, a speckle, or a group of pixels in terms of texture, for
example, speckle related features, and gray scale difference
features, so as to differentiate between different types of
tissue. This may be accomplished by comparing the charac-
terizable features in a voxel with those of surrounding voxels
and to collapse the feature vector space so as to focus on the
most characteristic image features, using feature analysis
techniques. A training set of data may be obtained, and the
salient feature sets associated with tissue types identified by
histological techmques. Alternatively, for example, a plural-
ity of images where previous work has identified such tissue
differentiation based on morphological criteria may also be
used.

[0060] FIG. 1 is a B-scan sonogram showing a simulated
training pattern. Three speckle patterns are shown and are and
may be considered as representative of tissue, plaque and
noise. The boxed areas correspond to the areas where feature
analysis may be performed. After dimensional reduction, the
feature vectors are plotted in FIG. 2

[0061] Eachoftheselected areas in F1G. 1 may be analyzed
so as to determine a set of representative feature vectors fora
contiguous region of voxels. The feature vectors are seen to
cluster in differing regions of the feature space. Where the
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characteristics of the grouping of feature sets are sufficiently
different, a region around each feature set in feature space
may be established as being representative of a tissue type.
After training using a number of representative images, the
composite feature set clusters may serve to define the heuris-
tic for identifying the tissue types in the ultrasound image.
[0062] Having been categorized by tissue type, a mean and
covariance scattering value may be associated with the tissue
type, typically associated with the density of the tissue. The
general body tissue surrounding the vessel may be considered
to be the most stable estimate of a mean scattering value, as
there is likely to a reasonably large relatively undifferentiated
tissue volume whose characteristics are not strongly depen-
dent on the illumination angle. So, after identifying the body
tissue region in the image by classification, segmentation, or
the equivalent thereof, the gain or sensitivity of the ultrasound
device may be automatically or manually adjusted to provide
for an image where the mean scattering value of body tissue
corresponds to a particular gray scale value. Other higher
order characteristics of the tissue types may be used. While
the largest dynamic range may be obtained when this gain
adjustment is made when the image is being obtained, it will
be appreciated that this technique may be used on previously
obtained images.

[0063] The mean gray scale value, for example, corre-
sponding body tissue may vary with depth into the body,
primarily due to the attenuation of the ultrasound signal.
Other variations may be due to shadowing by calcification or
variations in the angle of the sensor or the coupling efficiency.
Using the tissue type identification, the mean gray scale, or
other characteristic of the image pixels may be corrected for
depth if desired. Such normalization while imaging may be
performed once for a group of images, or for each image
independently. This process enables a standardized sensitiv-
ity to be used, independent of operator preference, room
lighting (for image interpretation), coupling of the sensor to
the patient, and the like. Similar normalization may be per-
formed on previously obtained image data that is retrieved
from a data base or other storage medium.

[0064] FIG. 3 shows a US image of a breast, where the gray
scale of the surrounding region has been standardized.
[0065] In addition to the feature analysis, the standardized
images may be analyzed using the gray scale distribution and
higher order pixel characteristics, so as to perform further
segmentation of the image. In an example, shown in FIG. 4,
two regions of plaque have been segmented based on quan-
titative analysis of echogenicity. Such segmentation may be
done by computer processing means and may be performed
either in real time or subsequently. For display purposes,
pseudo-color may be used to represent tissue regions, or to
show gradations of echogenicity. Since the relative volumes
of high- and low-density plaque (plaque heterogeneity) may
be of diagnostic value, the segmentation along with a mean
value determination for each region may provide sufficient
diagnostic information.

[0066] Calcification interferes with ultrasound beam pen-
etration. This results in image shadowing below the calcium
region. FIG. 5 is the same image as FIG. 4; however, the
plaque is segmented from the vessel without regard to the
echogenicity of the plaque so as to clearly show the shadow-
ing (arrow) on the far side far side of the plaque from the
sensor. Shadowing may also be detected, for example, by
comparing the gray scale value at the same pixel location
across images taken at different angles. An adaptive thresh-
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old, may be set to identify the shadowing region, which may
also be recognizable as having a body tissue speckle charac-
teristic, but with a reduced gray scale value. An additional
identifier is that the echo intensity of calcium is bright and
will overlay the shadowed region. These characteristics may
be alternatively described as relating the extinction along the
acoustic ray path to the effective attenuation of the medium
(including the effects of scattering).

[0067] 3D US images of the carotid artery may be acquired
by translating an US transducer of the ultrasound imaging
device slowly along the neck of a subject for approximately 4
cm. The US probe may be held by a mechanical assembly
with a transducer angle rotating around or perpendicular to
the skin and to the direction of the scan. Alternatively the
transducer may be moved manually. A sequence of two-
dimensional images may be saved to a computer workstation,
and reconstructed into a 3D image either as they are acquired,
or subsequently. The spacing of the 2D images may be deter-
mined by the linear or angular speed of motion of the trans-
ducer in the direction of scan. An ultrasound contrast agent
(UCA) may be used to show the presence of plaque neovas-
culature. The UCA may be, for example, highly reflective
microbubbles which flow along with blood in the vessel and
can be destructed by ultrasound waves. The change of plaque
intensity before and after the destruction of UCA indicates
neovasculature. However, two issues are associated with this
technique. One is that FDA requires a warning regarding the
safety of UCA. The other is the additional operations required
for UCA such as injecting the agent and waiting for its per-
fusion. An alternative approach of detecting neovasculature is
to measure the plaque strain over a cardiac cycle. The strain is
caused by the in-fill of neovessels when the arterial pressure
changes over the cardiac cycle.

[0068] Plaque strain may be detected from the pattern map-
ping of the coherent RF (radio frequency) acoustic data. Dif-
ferent plaque components have different elasticity, such that
their displacement caused by cardiac pressure pulsation is
different. As a result, plaque strain may characterize plaque
components. Small physical displacements in the data may be
detected by cross-correlation processing. A small time win-
dow of RF data in one pixel volume (voxel) may be cross-
correlated with the RF data in the substantially the same pixel
volume of a second image. With a sufficiently high sampling
rate with respect to the cardiac cycle, the distance between the
correlation peaks at any pixel volume location is a measure of
the tissue displacement due to cardiac-induced strain. In addi-
tion to the plaque components, this technique may also be
used to identify neovasclature. B mode or tissue Doppler data,
which is less sensitive to small displacements than RF data,
may also be used.

[0069] Change of shape and size of a structure caused by
hemodynamics, in addition to vessel strain and IMT, may
characterize the mechanical properties of a plaque. A method
and system are conceived to compute those changes in a
cardiac cycle to illustrate or quantify the properties. The
change can be the non-overlapped area or the percentage of
the total region as a function of some or all of cardiac cycle,
blood speed or plaque echogenicity. The change of surface
can also be used as a rupture.

[0070] A thin fibrous cap may be characteristic of unstable
plaque. In US images, the fibrous cap is observed as a bright
peripheral region of the plaque between the lumen and the

Feb. 21, 2013

plaque core. The thickness of fibrous cap appears to be sig-
nificantly different between asymptomatic and symptomatic
patients.

[0071] An inner boundary separates the fibrous cap from a
hypoechoic lipid core and an outer boundary separates the
plaque from the surrounding vessel wall and lumen. The
fibrous cap thickness may be defined as the distance in the
normal direction from the inner boundary to the outer bound-
ary, measured with respect to the vessel axis. The minimal,
maximal and average thickness of the fibrous cap may be
measured and recorded.

[0072] A tracing algorithm similar to that used in intima-
media thickness (IMT) determination may be used to deter-
mine the thickness of the fibrous cap. US resolution is pro-
portional to sound frequency. A 7.5 MHz operating frequency
US imaging device, for instance, has a theoretical resolution
of 0.2 mm The IMT algorithm traces the inner and outer
boundaries of the fibrous cap by minimizing an energy func-
tion. An example of such an analysis is shown in FIG. 6.
[0073] Other conventional descriptions of the ultrasound
images such as percentage stenosis, and the like, are useful as
part of the present method. These descriptions may be deter-
mined by observation or by algorithms.

[0074] Moreover, although the system and method are
being described using the carotid artery as an example other
syndromes measurable by ultrasound are similarly character-
izable by these techniques and the method may be applied in
a variety of diagnostic situations.

[0075] 1In an aspect, FIG. 7 is a system 5 for performing
ultrasound including a ultrasound imaging device 10, an
analysis processor 20, which may be a local computer, or be
remotely located, and a display 30 which may provide for an
operator interface for interacting with the image analysis
process, and which may also perform the steps of the methods
described below, either fully automatically or guided by the
operator. The ultrasound imaging device may be one of a
variety of such devices that are currently available, such as a
MicroMaxx (SonoSite, Inc., Bothell, Wash.) or iU22 xMA-
TRIX (Philips Healthcare, Andover, Mass.). Such ultrasound
imaging devices may include an acoustic signal generator, a
transducer capable of transmitting and receiving acoustic
energy, and a processor. The processor may be comprised of
one or more processing elements and may be segmented into
a beamformer, signal processor, image processor, and the
like. The specific architecture may be dependent on the
design epoch of the device as these functions can be pet-
formed by one or more processors, depending on the capa-
bility of the electronic components, the throughput require-
ments, and the like. A display may also be provided for
control of the operation and to permit an operator to edit or
adjust parameters so as to intervene in an automate analysis
where appropriate.

[0076] The field of ultrasound imaging continues to
develop and new and more capable devices may be intro-
duced in the future. Such ultrasound imaging devices 10 may
include, for example sufficient processor resources so as to
subsume some or all of the functions of the analysis processor
20 described herein, and may also include an integral display,
to perform the function of the display. For example, some or
all of the functions of a first processor, which may be the
image processor of ultrasound imaging device 10 and a sec-
ond processor, which may be the analysis processor 20 may
be combined in the image processor or other processor of the
ultrasound imaging device 10. The allocation of processing
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functions to the various processing resources, and the pack-
aging of the overall system is a matter of design choice.
[0077] The system 5 may also have an interface to a net-
work so as to store or retrieve images and ancillary data. The
network may be any of the currently known, or to be devel-
oped, techniques for communicating data over a distance,
using a local area network (LAN), Internet, and by wired or
wireless connections.

[0078] The components of the system may be arranged and
combined as needed for the configuration of the product, so
that the display may be integral or separate from the ultra-
sound imaging device. The processor in the ultrasound imag-
ing device may perform functions other than the processing of
the received acoustic signals to form an ultrasound image.
Analysis functions such as the tissue identification, segmen-
tation of the image, and the like, may be performed in the
same processor as is being used to produce the image data,
another processor within the ultrasound imaging device, or in
an analysis processor 20 such as a personal computer (PC) or
computer workstation that is in communication with the
ultrasound imaging device. The processing of the image data
may also be performed by receiving image data that has been
stored in an external memory or data base and may be
retrieved over a network by the ultrasound system. As such,
the network interface may be associated with the ultrasound
device 10 or the analysis processor 20, depending on the
configuration of the specific system.

[0079] A method of identifying tissue types of samples
based on analysis of images is described. The method
includes the steps of: obtaining images of tissues according to
a protocol; extracting features from the images of a specific
tissue type using a learning technique; and using the learned
features as heuristics to classify portions of images obtained
from tissues of an unknown type.

[0080] In an example, shown in FIG. 8, the method 100
comprises using an ultrasound device 10 to acquire ultra-
sound images (step 110) and identifying a specific tissue type
in the images (step 120). The gain of the ultrasound device 10
may be adjusted so that the grey scale values associated with
the specific tissue type meets a criterion, such as median gray
scale value (step 130), so as to standardize the image. The
processing to standardize the gray scale and to perform tissue
identification, segmentation and tissue analysis may be pet-
formed either in the ultrasound imaging device 10, or in an
external analysis processor 20. Where the computations asso-
ciated with standardizing the gray scale are preformed, at
least in part, in an analysis processor, the analysis processor
20 may control the sensitivity of the ultrasound imaging
device 10 through an interface. The control of sensitivity may
include, for example, varying the transmitted power, an
acoustic receiver gain, or by adjusting the grey scale in the
digital representation of the acoustic data.

[0081] The standardized image may be segmented using
the identified tissue types so as to differentiate the various
regions of interest for analysis (step 140). Selected segmented
regions may be further characterized in terms of median gray
scale values, higher level features, or the like (step 150).
[0082] Thestep 110 of acquiring images may be performed
in real time or the images may be retrieved from a data base
such as DICOM (Digital Imaging and Communications in
Medicine) where patient history and previously obtained
image data may be stored. The standardization step, may be
more effective if itis performed in real time, however existing
image data may be processed so as to adjust the gray scale to
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approximate the real-time adjustment. There may be some
limits to the dynamic range that may be achieved in historical
data processing, however such data may be useful both from
the standpoint of diagnosing a particular patient where a
temporal history is available in the DICOM database, or for
use in training the feature identification algorithms.

[0083] The identification of specific tissues (step 120) may
be performed initially so as to identify the tissue that is going
to be used to standardize the system gain, and may be per-
formed again on the standardized image. That is, step 120
may be performed both before and after performing step 130.
The heuristic may be different for each use of step 120.
[0084] After identification of the tissue types in the stan-
dardized image, the image may be segmented so as to define
the boundaries between the tissue types that are characterized
by the feature analysis (step 140). A variety of segmentation
algorithms have been developed for image processing of the
human body, and the selection and use of such algorithms will
be familiarto a person of skill in the art. After the regions have
been segmented (step 140), each of the tissue regions may be
characterized as previously described, so as to make use of the
gray scale, texture, and the like.

[0085] Inanother aspect, shown in FIG. 9, the method may
be used to acquire a three dimensional representation of the
region being studied. The sensor head of the ultrasound
device 10 may be moved slowly along or across the region to
be studied (210). The motion 1s sufficiently slow such that a
plurality of images of substantially the same volume is
obtained over one or more cardiac cycles (step 220). The
cardiac cycle timing may be obtained by recording EKG
(electrocardiogram) data at the time that the images are
obtained, or by grouping time spaced images based on corre-
lation or frequency analysis so as to achieve a best match
between adjacent spatial images (step 230). After grouping
the images so as to comprise images at spatially separated
intervals (step 240), for the same place in the cardiac cycle,
the images may be further analyzed. The images may be
subject to the method 100 so as to segment each of the images,
and to fuse the images so as to result in a 3-dimensional
segmented rendering of the volume being studied. The results
for representative locations in the cardiac cycle may be com-
pared.

[0086] In yet another aspect, shown in FIG. 10, the identi-
fied cardiac plaque may be risk scored. The characterized
segmented regions obtained in step 150, above, may be ana-
lyzed in detail so as to determine specific values of echoge-
nicity, heterogeneity, strain characteristics, fibrous tissue
thickness and mechanical properties and calcification. The
risk scoring may use a heuristic.

[0087] In still another aspect, shown in FIG. 11, a method
300 of diagnosing a patient may use the results of plaque
characterization (for example, step 150 or 240) to stage the
patient. The quantitative plaque classification results may be
applied to a numerical model 320 and the score of the model
may classify the plaque as “high-risk” or “low-risk”, or some
intermediate classification (step 330). The diagnosis of a
patient syndrome is both art and science. So, it may be
expected that the model (step 320) is an evolving algorithm,
informed by both published research, and by the retrospective
analysis of outcomes for patients being evaluated using the
system and method described herein.

[0088] From a diagnostic viewpoint, the information as to
the risk classification of the plaque may be used in a method
of determining the treatment for a specific patient (method
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400). The risk score result (step 330) may be used, in con-
Jjunction with other medical information and patient history to
assist medical professionals in determining whether further
diagnostic tests are warranted. Such tests are often more
expensive and invasive than ultrasound. If the risk score result
(step 410) is “low risk” (step 420) the patient may be assigned
to a low risk plaque treatment path (step 430). However, if a
risk threshold is exceeded, either objectively or on the basis of
the combination of the plaque characterization, symptoms, or
medical history, the patient may be scheduled foraMRIorCT
examination (step 450). The results of step 450, combined
with the previously obtained ultrasound plaque assessment
may permit the staging of the syndrome (step 460). This
classification of the patient may be used to select the appro-
priate treatment path (step 470).

[0089] The images obtained with another imaging modal-
ity such as MRI or CT may be selected and registered with the
corresponding standardized ultrasound image, and may
include the segmentation information of the ultrasound image
so as to aid in the diagnostic interpretation of the images
obtained from the another imaging modality.

[0090] While the methods disclosed herein have been
described and shown with reference to particular steps pet-
formed in a particular order, it will be understood that these
steps may be combined, sub-divided, reordered or repeated to
from an equivalent method without departing from the teach-
ings of the present disclosure. Accordingly, unless specifi-
cally indicated herein, the order and grouping of steps is not
a limitation of the present disclosure or claims

[0091] The examples of diseases, syndromes, conditions,
and the like, and the types of examination and treatment
protocols described herein are by way of example, and are not
meant to suggest that the use of the system and method is
limited to those named, or the equivalents thercof. As the
medical arts are continually advancing, the use of the meth-
ods and system described herein may be expected to encom-
pass a broader scope in the diagnosis and treatment of
patients. Although only a few exemplary embodiments have
been described in detail above, those skilled in the art will
readily appreciate that many modifications are possible in the
exemplary embodiments without materially departing from
the novel teachings and advantages of the techniques dis-
closed. Accordingly, all such modifications are intended to be
included within the scope set forth in the following claims.

What is claimed is:

1. An ultrasound system, the system comprising:

an ultrasound imaging device having a first processor con-
figured to produce image data representing an image of
a region of interest of a patient;

a second processor configured to process the image data to
obtain a plurality of feature vectors characterizing a
sub-region of the image;

wherein the feature vectors are dimensionally reduced and
used to identify a specific tissue type based on a heuris-
tic.

2. The system of claim 1, wherein the first processor and

the second processor are the same processor.

3. The system of claim 1, wherein a specific tissue type is
identified using the heuristic and a sensitivity of the ultra-
sound device is controlled so that a gray scale distribution
value of the image corresponding to the specific tissue type is
a predetermined value.

4. The system of claim 3, wherein the predetermined value
is a mean gray scale value.
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5. The system of claim 3, wherein a plurality of sub-
regions of the image data are analyzed so that a tissue type of
each sub-region is determined.

6. The system of claim 3, wherein characteristics of a pixel
of the image data are determined using a feature vector set of
the sub-region surrounding the pixel.

7. The system of claim 3, wherein the identified tissue type
is a basis for segmentation of the image.

8. The system of claim 7, wherein a lumen boundary is
identified as the boundary between a blood vessel and a
region of blood.

9. The system of claim 8, wherein a region of plaque is
identified from the segmented data.

10. The system of claim 9, wherein the region of plaque is
further segmented based on echogenicity into at least high
and low echogenicity regions.

11. The system of claim 6, wherein a temporal series of
images is collected for a region of interest.

12. The system of claim 11, wherein a time extent of the
temporal series of images is a cardiac cycle.

13. The system of claim 11, wherein the image data of the
image is related to a cardiac cycle using EKG data recorded at
the same time as the image data.

14. The system of claim 11, wherein the temporal series of
images is related to a cardiac cycle by processing images of
the temporal series of images so as to identify a periodicity of
lumen displacement associated with hemodynamic factors.

15. The system of claim 1, further comprising an interface
in communication with a data storage system.

16. The system of claim 15, wherein the data storage sys-
tem operates in conformance with a Digital Imaging and
Communications in Medicine Digital (DICOM) protocol.

17. The system of claim 1, wherein the images are a series
of images obtained while moving a sensor head of the ultra-
sound device with respect to a bodily structure to be exam-
ined.

18. The system of claim 2, wherein a plurality of a temporal
series of images are processed such that a displacement of
voxels from successive images is obtained, and the displace-
ment of voxels is measured over a time period.

19. A method of diagnosing a patient, the method compris-
ing:

receiving image data ofa region of interest for a patient, the

image data forming an image having a gray scale;

determining a set of feature vectors of the image for a

sub-region of the region of interest; and

dimensionally reducing the feature vector set and identify-

ing a tissue type of the sub-region using a heuristic.

20. The method of claim 19, further comprising:

using the identified tissue type to standardize the image

gray scale with respect to a predetermined gray scale
distribution value for the identified tissue type, by
adjusting the gray scale of the image data.

21. The method of claim 19, wherein the step of receiving
includes accepting image data from an ultrasound imaging
device.

22. The method of claim 19, wherein the step of receiving
includes accepting data retrieved from a data base of ultra-
sound device images.

23. The method of claim 20, further comprising:

determining feature vector sets of regions of the image

corresponding to a region of interest and identifying a
tissue type for each region based on a heuristic for each
tissue type;
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segmenting the region of interest based on the identified

tissue type of the sub-regions.

24. The method of claim 23, further comprising:

segmenting a region of plaque into at least high and low

echolucent regions.

25. The method of claim 24, further comprising:

processing a temporal series of images and determining the

stress-strain displacement characteristics of the identi-
fied tissue.

26. The method of claim 23, wherein a blood vessel region
including a segmented region of plaque is characterized as to
at least two of percentage of high and low echolucent mate-
rial, fibrous cap parameters, degree of stenosis, strain, dis-
placement, plaque surface smoothness, or extent of calcifica-
tion.

27. The method of claim 26, wherein the characterized
plaque is used to compute a risk score the patient in accor-
dance with a risk score heuristic.

28. The method of claim 27, further comprising: using the
risk score is used determine whether a further diagnostic test
is performed.

29. The method of claim 28, wherein the further diagnostic
test is obtaining a magnetic resonance imaging (MRI) image
of the region of interest.

30. The method of claim 19, further comprising: determin-
ing the heuristic using supervised training.

31. The method of claim 19, further comprising: determin-
ing the heuristic using unsupervised training,

32. The method of claim 23, further comprising: register-
ing the segmented image with respect to an image obtained
using another imaging modality.

33. The method of claim 32, wherein the image obtained
using another imaging modality is a magnetic resonance
imaging (MRI) image.

34. A computer program product, stored in a non-transient
computer-readable medium, comprising:

instructions interpretable by a processor to cause the pro-

cessor to:
receive image data image of a region of interest for a
patient;
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determine a set of feature vectors for a sub-region of the
region of interest; and

dimensionally reduce the feature vector set and identify
a tissue type of the sub-region using a heuristic.

35. The computer program product of claim 34, wherein
when the identified tissue type is suitable for image standard-
ization:

standardize the gray scale of the image with respect to a

predetermined gray scale distribution value for the iden-
tified tissue type by adjusting the grey scale of the image.

36. The computer program product of claim 35, wherein
the standardized image is segmented based on a plurality of
identified tissue types.

37. The computer program product of claim 35, wherein
the tissue types are identified on a pixel basis, using a feature
vector set of a surrounding sub-region.

37. The computer program product of claim 35, wherein
the standardized image is registered with respect to an image
of the patient obtained using another imaging modality.

38. The computer program product of claim 36, further
comprising:

segmenting a region of plaque into at least high and low

echolucent regions.

39. The computer program product of claim 38, wherein a
blood vessel region including a segmented region of plaque is
characterized as to at least two of percentage of high and low
echolucent material, fibrous cap parameters, degree of steno-
sis, strain, displacement, plaque surface smoothness, or
extent of calcification.

40. The computer program product of claim 39, wherein
the characterized blood vessel region is used to compute a risk
score the patient in accordance with a risk score heuristic.

41. The computer program product of claim 35, wherein
the grey scale of the image is standardized by controlling a
parameter of an ultrasonic imaging device when the image is
being obtained.

42. The computer program product of claim 41, wherein
the parameter is a gain setting.
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