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FIG. 2A
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FIG. 3A
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1
INTRAVASCULAR ULTRASOUND
DETECTION OF BLOOD-FLOW
DISTRIBUTION IN AN ARTERIAL WALL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of and priority from a
U.S. Provisional Patent Application No. 61/358,319 filed on
Jun. 24, 2010 and titled “Intravascular Ultrasound Detection
of Blood-Flow Distribution in an Arterial Wall.” The disclo-
sure of the above-mentioned patent application in incorpo-
rated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Grant Number NTH HL.065342 awarded by the NIH National
Heart, Lung, and Blood Institute. The government has certain
rights in the invention.

TECHNICAL FIELD

The present invention relates to methods of early identifi-
cation of defects of the vascular system and, in particular, to
the detection of changes in the density of vasa vasorum using
an intravascular ultrasound system.

BACKGROUND ART

Earlier experimental studies concluded that changes in the
density of vasa vasorum—small blood vessels penetrating the
walls of and supplying nutrients to large blood vessels such as
arteries and veins—are associated with pathogenesis, coro-
nary artery disease, and atherosclerotic plaque progression,
as well as unstable and ruptured atherosclerotic lesions that
occur predominantly within the proximal third of coronary
arteries. The inhibition of vasa vasorum neovascularization
was concluded to reduce plaque size. It has been speculated
that a higher spatial density of vasa vasorum may contribute
to the increased propensity towards neovascularization upon
exposure to atherosclerotic risk factors, and may thereby
subsequently lead to intraplaque hemorrhage and rupture.

Acute coronary syndrome (ACS) resulting in unstable
angina, myocardial infarction, or even sudden cardiac death
most commonly results from the rupture or erosion of high
risk atherosclerotic plaques and subsequent thrombosis and
occlusion of the coronary artery. Patients presenting with
ACS are most often clinically asymptomatic before the car-
diac events occur and often have no obstructive narrowing of
the coronary artery lumen at the location of the subsequent
plaque rupture. Thus, there is a growing interest in developing
methodologies for the clinical detection of the components of
the vulnerable plaque.

The role of vasa vasorum in the pathogenesis and the com-
plications of coronary artery disease continue to emerge.
While vasa vasorum have been implicated in a number of
diseases, including atherosclerosis, understanding their func-
tional anatomy and specific role in these diseases has been
limited by the small size of the vasa vasorum and difficulty in
imaging them. Micro-computed-tomography (micro-CT)
and histological methods have been used, in in-vitro studies,
to demonstrate that there is a vasa vasorum proliferation prior
to the development of an atherosclerotic lesion and may con-
tribute to plaque rupture. The density of vasa vasorum is
increased due to the angiogenesis. The newly created capil-
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laries, being very fragile, can be easily ruptured therefore
amplifying the chances of hemorrhage. Moreover, the
plaques with high density of vasa vasorum are more prone to
rupture and cause heart attacks and sudden death. Thus, there
is growing interest to detect the presence of vasa vasorum in
the vascular wall and in the atherosclerotic lesion (mainly in
the coronary circulation) at an early stage of the development
of the vascular defect. The identification of the vasa vasorum
in the plaque, for example, may facilitate identification of
plaque at high risk and dictate different local therapy. The
appropriate studies would benefit from a technique that
allows the detection of vasa vasorum in-vivo, which has not
been demonstrated so far.

The existing methodologies are not necessarily suitable to
accomplish this goal. While vasa vasorum neovascularization
can be assessed with the use of three-dimensional (3D)
micro-CT, there is a need in developing an in-vivo method-
ology for the investigation of vasa vasorum. For example,
detection of vasa vasorum associated with vulnerable plaque
has been attempted based on a micro-bubble approach that
requires a special catheter and the experimental data for
which is not available yet. Well known ultrasound method-
ologies based on Doppler effect, while allowing for observa-
tion of blood flow along the vessel, are not well suited for
registering the flow in a transverse direction, perpendicular to
the arterial wall. In addition, interventional selective coronary
angiography and CT, as well as MRI angiography methods,
are not capable of detecting very early lesions that do not
narrow the lumen of the blood vessels under examination.
Nowadays, multi-slice computed tomography (MSCT), car-
diac MRI, intravascular ultrasound imaging (IVUS), or opti-
cal coherence tomography (OCT) are used to evaluate coro-
nary artery wall pathology. However, the IVUS and OCT
methods, while providing important information about
changes in the arterial wall, have not been successful in quan-
tifying the density of vasa vasorum in the arterial wall. More-
over, minimally invasive CT and MRI approaches have spa-
tial resolutions that are insufficient to resolve the coronary
arterial wall, let alone the early plaques that do not encroach
on the arterial lumen.

Thus, micro-CT imaging is considered one of the gold
standard methods for the in vitro detection and quantification
of the 3D network of vasa vasorum. In view of the above-
mentioned findings on vasa vasorum in application to early
atherosclerosis, changes in the density of vasa vasorum
(manifesting as an increase in CT value due to contrast agent
uptake) in the region of early plaque formation may be an
effective indicator detectable with CT, even though the indi-
vidual vasa vasorum (which are less than 200 pm in diameter)
cannot be resolved. Hence, there is a need for systems and
methods for analyzing vasa vasorum in vivo in clinical set-
tings.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide a method
for detecting changes in the density of vasa vasorum of a
blood vessel with the use of an intravascular ultrasound sys-
tem (IVUS). A method of the embodiment includes emitting
bursts of ultrasound energy with a transducer that is intravas-
cularly repositioned along the axis of the blood vessel, and
detecting ultrasound echoes produced in response to the emit-
ted bursts by echogenic regions that are associated with the
wall of the blood vessel and that are transverse to the axis of
the vessel at every position of the transducer. The method
further includes forming images from the ultrasound echoes



US 9,017,263 B2

3

detected at the corresponding locations and analyzing the
formed images to ascertain indicators of a blood flow within
the wall of the blood vessel.

In addition, the method assigns a density value (represent-
ing a change of density of the blood flow within the wall of the
blood vessel) to every position of the transducer. The assign-
ment of corresponding density values is made based on com-
parison among the image indicators which, in one embodi-
ment, may include color-coded image pixels. In this case,
analysis of the formed images may include analyzing a num-
ber of color-coded image pixels and determining a number of
color-coded pixels for which the image signal exceeds a pre-
determined threshold. The method of the invention further
allows for displaying a distribution of the change of density
values in relation to the corresponding positions along the
vessel and for identifying a location of a defect of the blood
vessel by determining an extremum of such a distribution.

In another embodiment, a method is provided for in-vivo
detection of a defect associated with a blood vessel with use
of an intravascular ultrasound system. The method includes
forming a first set of images and ascertaining first image
indicators to identify a location of a vascular defect with the
use of the above-described embodiment of the invention with
respect to a reference location associated with a blood vessel.
The method further includes repeating the imaging process at
a different time, in reference to the same reference location,
so as to form the second set of images having the second
image indicators. In addition, the method includes compari-
son between the first image indicators and the second image
indicators based on which a change of density of the blood
flow is assigned to the location of the vascular defect. The
vascular defect may be, for example, a plaque or an inflam-
mation of the arterial wall.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee. The
invention will be more fully understood by referring to the
following Detailed Description of Specific Embodiments in
conjunction with the Drawings, of which:

FIG. 1 illustrates schematically a flow-chart of data collec-
tion and processing according to an embodiment the present
invention.

FIG. 2A shows an annotated image of a cross-section of a
coronary artery obtained with intravascular ultrasound
(IVUS)Y/ChromaFlo®

FIG. 2B provides an annotated longitudinal image of the
coronary artery.

FIG. 2C shows a profile of the density of vasa vasorum
obtained with an embodiment of the invention.

FIG. 3A shows an annotated cross-sectional micro-CT
image of the coronary artery.

FIG. 3B illustrates an annotated longitudinal micro-CT
image of the coronary artery.

FIG. 3C shows the perfusion profile as a function of length
of the coronary artery obtained by plotting the average CT
number corresponding to each cross-sectional micro-CT
image.

FIG. 4 illustrates statistical correlations between the Chro-
maFlo® areas detected with an embodiment of the invention
and micro-CT numbers obtained from the cryo micro-CT
data.
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FIGS. 5(A-D) illustrate data processing steps correspond-
ing to an embodiment of a peak-finding algorithm of the
invention used to determine a diameter of the lumen of a
blood vessel.

FIG. 6 shows a distribution of lumen-diameter values
determined with the peak finding algorithm of the invention
and corresponding to a sequence of cross-sectional images
obtained with IVUS/ChromaFlo®.

FIG. 7 illustrates average ChromaFlo® areas associated
with the two cardiac phases as measured with an embodiment
of the invention.

FIG. 8 shows a comparison between the image of a chosen
portion of a coronary artery obtained in vivo with IVUS/
ChromaFlo® according to an embodiment of the invention
and the micro-CT image of the same arterial portion.

FIG. 9 shows schematically an ultrasound imaging system.

DETAILED DESCRIPTION OF SPECIFIC

EMBODIMENTS
References throughout this specification to “one embodi-
ment,” “an embodiment,” “a related embodiment,” or similar

language mean that a particular feature, structure, or charac-
teristic described in connection with the referred to “embodi-
ment” is included in at least one embodiment of the present
invention. Thus, appearances of the phrases “in one embodi-
ment,” “in an embodiment,” and similar language throughout
this specification may, but do not necessarily, all refer to the
same embodiment. It is to be understood that no portion of
disclosure, taken on its own and/or in reference to a figure, is
intended to provide a complete description of all features of
the invention.

In addition, in drawings, with reference to which the fol-
lowing disclosure may describe features of the invention, like
numbers represent the same or similar elements wherever
possible. In the drawings, the depicted structural elements are
generally not to scale, and certain components are enlarged
relative to the other components for purposes of emphasis and
understanding. It is to be understood that no single drawing is
intended to support a complete description of all features of
the invention. In other words, a given drawing is generally
descriptive of only some, and generally not all, features of the
invention. A given drawing and an associated portion of the
disclosure containing a description referencing such drawing
do not, generally, contain all elements of a particular view or
all features that can be presented is this view in order to
simplify the given drawing and the discussion, and to direct
the discussion to particular elements that are featured in this
drawing.

A skilled artisan will recognize that the invention may
possibly be practiced without one or more of the specific
features, elements, components, structures, details, or char-
acteristics, or with the use of other methods, components,
materials, and so forth. Therefore, although a particular detail
of an embodiment of the invention may not be necessarily
shown in each and every drawing describing such embodi-
ment, the presence of this detail in the drawing may be
implied unless the context of the description requires other-
wise. In other instances, well known structures, details, mate-
rials, or operations may be not shown in a given drawing or
described in detail to avoid obscuring aspects of an embodi-
ment of the invention that are being discussed.

If the schematic flow chart diagram is included, it is gen-
erally set forth as a logical flow-chart diagram. As such, the
depicted order and labeled steps of the logical flow are indica-
tive of one embodiment of the presented method. Other steps
and methods may be conceived that are equivalent in func-
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tion, logic, or effect to one or more steps, or portions thereof,
of the illustrated method. Additionally, the format and sym-
bols employed are provided to explain the logical steps of the
method and are understood not to limit the scope of the
method. Although various arrow types and line types may be
employed in the flow-chart diagrams, they are understood not
to limit the scope of the corresponding method. Indeed, some
arrows or other connectors may be used to indicate only the
logical flow of the method. For instance, an arrow may indi-
cate a waiting or monitoring petiod of unspecified duration
between enumerated steps of the depicted method. Without
loss of generality, the order in which processing steps or
particular methods occur may or may not strictly adhere to the
order of the corresponding steps shown.

Furthermore, the described features, structures, or charac-
teristics of the invention may be combined in any suitable
manner in one or more embodiments. The invention as recited
in claims appended to this disclosure is intended to be
assessed in light of the disclosure as a whole.

An invasive method using IVUS/ChromaFlo® (Volcano
Corporation, Rancho Cordova, Calif.) is well recognized for
visualizing the blood pool of blood vessels. However, previ-
ous attempts to apply the IVUS/ChromaFIo® to the analysis
of vasa vasorum were either inconclusive or failed. The
related art indicates that IVUS/ChromaFlo® lacks the desired
level of spatial resolution capable of adequately resolving and
properly identifying this network of intra-arterial-wall capil-
laries.

In contradistinction with prior art, the present invention is
directed to detecting a change in distribution, along the blood
vessel, of the density of vasa vasorum and, as such, does not
require the ability to resolve the capillaries themselves. The
present invention stems from the realization that, contrary to
conclusions of the related art, judicious analysis of IVUS/
ChromaFlo® data acquired from imaging the tissue sur-
rounding the artery can be adapted to detect spatial changes of
blood flow in the arterial wall. Conventional IVUS systems
are well known in the art and are not discussed herein in
detail. The ChromaFlo® feature of IVUS uses small changes
in location of ultrasound echoes obtained within a small time
interval to determine the location of blood flow. Total area of
the punctuate regions of increased speed within the arterial
wall is associated with the total cross-sectional area of vasa
vasorum in the imaged arterial wall. Consequently, vasa
vasorum can be detected based on comparison between the
IVUS/ChromaFlo® images taken at adjacent locations along
the blood vessel and judiciously processing these sequential
images while taking into account the differences in positions
of corresponding echogenic regions.

The present invention is also based on an experimentally
obtained confirmation that distribution of blood flow in the
arterial wall, obtained in vivo with the use of an embodiment
of the invention, correlates with density of vasa vasorum
obtained in-vitro with micro-CT imaging. Therefore, a
method of the present invention provides an objective method
for in-vivo detection of early atherosclerotic changes in a
vascular system.

Rationale for using the change in the density of vasa
vasorum as an indicator of early atherosclerosis is twofold.
Firstly, said change of density appears to be a direct indicator
of the arterial wall’s reaction to early accumulation of fatty
materials. In addition, the increased volume of blood in the
vasa vasorum, as well as the increased leakiness of the newly
originated vasa vasorum, provides a basis for specific signals
in CT and MRI images. The density of vasa vasorum likely
determines the rate at which fatty molecules can be removed
from the arterial wall, which should match or exceed the rate
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at which those molecules diffuse across the coronary arterial
endothelium driven by the pressure (Lame’s Law) and con-
centration gradients (Darcy’s Law). If the density of vasa
vasorum is insufficient to match the influx of fatty molecules
then those molecules accumulate and set off a cascade of
events such as invasion by inflammatory cells and angiogen-
esis. These processes, in turn, may lead to the accumulation of
lipid inside the vessel wall and to the creation of a lipid core.
Thus, the evidence of the increase in density of vasa vasorum
as well as any evidence of impaired integrity of vasa vasorum
(such as, e.g., increased permeability and even hemorrhage)
may represent an area of inflammation and oxidation. The use
of IVUS/ChromaFlo® in accordance with the present inven-
tion, therefore, provides insight into sequential changes of
vasa vasorum during the development of different types of
atherosclerotic plaques (“timeline” of plaque development
based on changes in vasa vasorum density and distribution).
This knowledge might be useful for potential individualized
therapeutic approaches for disease based on the component of
the plaque in certain high risk plaques for early coronary
atherosclerotic changes.

Referring now to FIG. 9, an ultrasonic imaging system 10
includes a transducer array 12 containing a plurality of sepa-
rately driven elements 14 that each produce a burst of ultra-
sonic energy when energized by a pulse produced by a trans-
mitter 16. As will be described, it is contemplated that the
transducer array 12 may be coupled with or integrated with
another medical device 17, such as an intravenous (IV) cath-
eter, to perform IV ultrasound (US) studies. As will be
described, the medical device 17 may be designed to aid in
positioning the transducer array 12 within a subject’s tissue of
interest 18, such as being intravascularly positioned along an
axis 19 of a blood vessel 20. In this arrangement, the trans-
ducerarray 12 is designed to emit ultrasound signals directed
toward the tissue of interest 18 in response to which ultra-
sound echoes are produced. Specifically, as will be described,
the present invention is designed and configured to elicit and
receive ultrasound echoes from echogenic regions 21, which
are transverse to the axis 19, associated with the blood vessel
20. Specifically, the ultrasonic energy is reflected back to the
transducer array 12 from the tissue of interest 18 and includes
information pertaining to the echogenic regions 21 and is
converted to an electrical signal by each transducer element
14 and applied separately to a receiver 22 through a set of
switches 24. The transmitter 16, receiver 22, the switches 24,
and, generally, the ultrasound system 10 are operated under
the control of a digital controller 26 responsive to the com-
mands input by the human operator. A complete scan is per-
formed by acquiring a series of echoes in which the switches
24 are set to their transmit position, the transmitter 16 is gated
on momentarily to energize each transducer element 14, the
switches 24 are then set to their receive position, and the
subsequent echo signals produced by each transducer ele-
ment 14 are applied to the receiver 22. The separate echo
signals from each transducer element 14 are combined in the
receiver 22 to produce a single echo signal which is employed
to produce an image on a display system 28.

A method of the present invention, for example, using a
system such as described above with respect to FIG. 9, for
in-vivo detection of vasa vasorum with the use of IVUS/
ChromaFlo® system is schematically illustrated in FIG. 1.
The method includes preparation and initiation of the system
at step 100, during which a catheter sheath is introduced into
an artery (in one case, the right carotid artery). It is contem-
plated that practical IVUS studies are performed, in one
embodiment, using an Eagle Eye® Gold IVUS imaging cath-
eter (Volcano Corporation, Rancho Cordova, Calif.), the tip
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of which contains a miniature, multi-element solid-state array
ultrasound transducer operating at 20 MHz. By way of
example, the catheter may be introduced, over a 0.0014 inch
(36 um) diameter wire and advanced until its tip is positioned
in the distal LAD, as monitored by fluoroscopy. The catheter
is further connected to an automated pull-back device (such
as, for example, Trak Back IT™, Volcano Corporation, Ran-
cho Cordova, Calif.) and pulled back at a constant speed of 1
mm/sec. A patient interface module (IM) connected to the
ultrasound array excites the transducer elements to transmit
ultrasonic energy to the surrounding tissue. The IM is also
used to amplify and process the resultant echo signals from
the transducer and to relay these signals to the system console
(such as In-Vision System, Volcano Corporation, Rancho
Cordova, Calif.).

After the preparation and initiation of the ultrasound sys-
tem, the transducer positioned at a particular location within
the blood vessel is activated, at step 102, to emit bursts of
ultrasound energy. At a following step 104, the ChromaFlo®
program is used to register, with the transducer and in a plane
transverse to the axis of the artery at the position of the IVUS
transducer, ultrasound echoes produced by echogenic regions
associated with the arterial wall. From the registered echoes,
an image representing such transaxial echogenic regions is
formed, at step 106. An embodiment of the method of the
invention further included three-dimensional image recon-
struction, display, and analysis of ChromaFlo® data. As
shown at step 108, the formed image is further analyzed to
derive image data indicative ofa blood flow within the wall of
the blood vessel in corresponding transaxial echogenic
regions, and to further assign a density value to the current
location of the transducer at step 110. Optionally, at step 112,
the image data, the transducer location data, and the assigned
density value may be further stored on a tangible, non-tran-
sitory computer-readable storage medium including random
access memory (RAM), read-only memory (ROM), flash
memory, or any other suitable memory medium. A sequence
of image data sets representing such echoes is taken at a
multitude of locations as the catheter is continually reposi-
tioned along the blood vessel. Generally, as indicated by a
decision block 114, a method of the invention includes more
than one density reading. Therefore, the transducer is further
judiciously repositioned along the blood vessel, at step 116,
and the previously-described measurement and data process-
ing steps are repeated again to eventually assign density val-
ues to each of sequential locations within the blood vessel
where the transducer has been positioned. When the experi-
ment is ended, a distribution of the assigned density values is
displayed, 118, for further analysis based on which a conclu-
sion will be reached about the change in density of vasa
vasorum along the examined extent of the blood vessel. It is
appreciated that, in arriving at such a conclusion, any differ-
ences in the position of echogenic regions between images of
the tissue surrounding the coronary artery are attributed to
blood flow in the arterial wall. It is appreciated that initial
positioning of the transducer as well as re-location of the
transducer along the vessel may be performed with respect to
a particular reference such as a specific feature of the blood
vessel that can be easily identified from the collected images.

Referring to FIGS. 1 and 2(A-C), the registered image data
may be transferred to the In-Vision workstation and then
transformed into video files, such as “avi-movie” files, and
extracted from the IVUS system. Regardless of the specific
system for deriving the video files, the resulting video files are
then transformed with the use of a numerical computing
environment, such as MatLab® (MathWorks, Natick, Mass.),
into a sequence of 2D cross-sectional images respectively
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representing echogenic regions transaxially detected at the
corresponding axial locations of the transducer. These images
are displayed with an image analysis program, such as Ana-
lyze 9.0, Biomedical Imaging Resource, Mayo Clinic; Roch-
ester, Minn., as illustrated in FIGS. 2A and 2B. Generally, an
IVUS system used for the purposes of the invention may be
configured to produce images that contain markings indica-
tive of a blood flow. In one embodiment, the IVUS/Chroma-
Flo®, for example, is configured to color-code pixels of an
image representative of a blood flow (essentially, to color-
code the speed of the echo displacement as a red-colored
overlay of the IVUS anatomic image displayed in axial and
longitudinal views).

Cross-sectional images, such as the image of FIG. 2A, are
analyzed by creating a Region-of-Interest (ROI) 202 that
encompasses the vessel wall. In a longitudinal image of the
blood vessel of FIG. 2B, lines 208 indicate the lining between
the lumen and the vessel wall, and lines 210 indicate the
profile of the ROI 202 along the length of the coronary artery.
To ensure that the entire arterial wall is included in the ROI,
the radius r of the lumen is measured and used as the width
(thickness) of the annular ROI 202 surrounding the arterial
lumen.

At the next step of data processing, a portion of each 2D
image corresponding to the ROI 202 is reviewed ina “binary”
mode by considering pixels, color-coded by ChromaFlo®,
separately from the remaining pixels. Forming such a
“binary” image of the punctuate ChromaFlo® pixel cross-
sections allows for a determination of the total number of
color-coded pixels representing blood flow within the ROI.
To reduce the probability of data processing errors, color-
coded pixels of the image are attributed to the blood flow in
the arterial wall only if a signal corresponding to a chosen
color-coded channel of these pixels exceeds a pre-defined
threshold value. In one embodiment, for example, where a
visual signal associated with an individual pixel includes red,
green, and blue color-coding, the pixel is set to represent the
presence of blood flow in the arterial wall if the value of the
red channel signal exceeds the aggregate of the signals of the
green and blue channels by about fifty. The 2D image density
of color-coded pixels within the ROI is calculated as the
number of color-coded pixels per mm? and presented, as
shown in FIG. 2C, as a function of axial distance along the
coronary artery, thereby displaying an axial profile 214 of
relative density of detected vasa vasorum. When practicing
embodiments of the invention, emboli of vasa vasorum intro-
duced during the microembolization procedure are readily
identified as local regions of reduced density of color-blood
flow in the coronary artery vessel wall.

To confirm that data obtained in-vivo with the use of IVUS/
ChromaFlo® represents the change in blood flow along the
length of the arterial wall, the distribution 214 can be statis-
tically compared with image data obtained with the use of
micro-CT, as shown in FIGS. 3A, 3B, and 3C. For example,
after a pull-back IVUS/ChromaFlo® imaging of an artery is
completed, the artery is injected with Microfil® (Flow Tech,
Inc., Carver, Mass.), then dissected and micro-CT scanned.
When performing such a statistical comparison, the location
of the micro-CT image data is co-registered with the IVUS/
ChromaFlo® through the use of reference points, such as
arterial branch points visualized in both images. The micro-
CT image data are acquired, for example, by performing aleft
anterior descending coronary artery (LAD) biopsy, followed
by cryostatic micro-CT scanning, 3D image reconstruction
and display, and analysis of the acquired tomographic
images, as described below.
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1) LAD Biopsy: After the IVUS procedure, a midline ster-
notomy and pericardiectomy are performed to allow access to
the LAD. Then 10 ml of radiopaque contrast dye
(Novaplus®Omnipaque™, GE Healthcare, Princeton, N.J.)
is injected into the proximal LAD and, immediately after
completion of the contrast injection, multiple 2 cm-long
pieces of the proximal/mid-distal LAD are harvested. This
procedure involves clamping the LAD proximally and dis-
tally before cutting free the segment with a margin of approxi-
mately 1 cm on each side well outside the adventitia (to
protect and preserve all structures of the vessel wall). This
isolated specimen is then immediately dropped into slurry of
acetone and dry ice for rapid freezing. Once frozen, the speci-
mens are stored at -80° C. for subsequent scanning with
cryostatic micro-CT.

2) Micro-CT scanning, image reconstruction and display.
The specimens are prepared and scanned as described previ-
ously. During the micro-CT scan, the specimens are main-
tained at =30° C. The dimensions of the scanned specimens
should not exceed prescribed dimensions, such as 1.5 cm in
diameter and 2.2 cm in length. The scans involve digital
recording of X-ray projection images generated with a cone
beam of 17.51 keV photon energy and obtained at 1° inter-
vals around 360°. The tomographic images are computed
using a modified Feldkamp cone beam algorithm. The stack
of 18-um-thick transaxial tomographic images is displayed
and analyzed using image analysis software (Analyze 9.0,
Biomedical Imaging Resource, Mayo Clinic; Rochester,
Minn.). By way of example, the cryostatic micro-CT scanner
can be configured so that the side dimension of the cubic
voxels is 18 pm. Generally, however, the spatial resolution of
the scanner can vary. For example, in another embodiment,
the micro-CT scanner is configured to have a 21 micron voxel
resolution. The CT 16-bit gray scale values are expressed in
units of 1000/cm. One of the micro-CT images is shown in
FIG. 3A.

3) Analysis of tomographic cryostatic micro-CT images.
Arterial segments of at least 10 mm in length are identified for
further analysis. The 18 um thick cross-sectional slices within
a segment (on average, 950 slices/specimen) are analyzed
individually by creating a ROI 302, as shown in FIG. 3 A, that
encompasses the entire vessel wall, in a fashion similar to that
described with reference to FIGS. 2(A-C) discussing the
analysis of the IVUS/ChromaFlo® data. Within the ROI of
every micro-CT image, the average CT-number is deter-
mined. The determined CT-numbers are plotted as a function
of distance along the luminal axis of the arterial segment,
thereby forming an “opacification profile” 314 along the
luminal axis of the segment, which conveys areas of varied
perfusion within the arterial wall, as illustrated in FIG. 3C.

Comparison between FIGS. 2C and 3C indicates that
decrease in the IVUS/ChromaFlo® imaging signal at the
segments of the blood vessel with embolization of vasa
vasorum underscores the sensitivity of the disclosed method
for detection of changes in the vasa vasorum density within
the same vascular bed. Further, statistical comparison
between the distributions 214 of FIGS. 2C and 314 of FIG. 3C
was performed using commercially available statistical soft-
ware, such as Microsoft Excel® 2003, and is shown in FIG. 4
for six samples, in terms of mean values and standard devia-
tions. Regression coefficients R? in excess of 0.9 indicate that
data obtained with IVUS/ChromaFlo® according to the
method of the invention represent vasa vasorum, the presence
of which is independently identifiable with the aforemen-
tioned micro-CT technique. FIG. 8 offers an example of such
independent identification by providing a comparison
between the micro-CT image of a coronary artery (injected

15

20

25

40

45

60

65

10

with Microfil and showing individual vasa vasorum) and the
image obtained in vivo with IVUS/ChromaFlo® on the same
artery prior to harvesting that artery for micro-CT scanning.

It is appreciated that embodiments of the invention addi-
tionally lend themselves to in vivo detection of a defect asso-
ciated with a blood vessel and observation of a dynamic
performance of such a defect. Specifically, when a change in
density of vasa vasorum is detected with respect to a spatial
reference at the blood vessel (such as an easily identifiable
segment or portion of the artery, for example), a second
equivalent measurement can be later performed with respect
to the same arterial reference. Comparison of the results of the
two measurements may indicate a temporal development of
density of vasa vasorum in an identified segment of the artery
and, therefore, may provide insights into temporal develop-
ment of a vascular defect associated with an identified change
in detected density.

In addition or alternatively, embodiments of the invention
also allow for determining a diameter of a lumen of the blood
vessel that is further used to determine the cardiac phase of
the blood vessel in issue. In particular, an embodiment of the
invention allows for processing the recorded IVUS data to
identify the systolic and diastolic phases of the heart cycle.
According to a peak-finding algorithm of the invention, a
cross-sectional image acquired with the IVUS/ChromaFlo®
is first analyzed to identify all image pixels for which an
image signal in any color-channel (e.g., red, green, and blue)
exceeds a pre-defined threshold value. The cross-sectional
image is then transformed into “binary” image in which the
identified “above-the-threshold” pixels are assigned a value
of 1 while the remaining pixels are assigned a value of 0. (It is
appreciated that the “above-the-threshold” pixels essentially
correspond to the white pixels in the original anatomic
image). An example of such a cross-sectional “binary” image
is shown in FIG. 5A. At the next step, a distance map of the
image is created, in which every zero-valued pixel of the
binary image is assigned a value that is equal to a distance
between this zero-valued pixel and the nearest pixel with a
value of 1. FIG. 5B illustrates a distance map corresponding
to the binary image of F1IG. 5A. The center of the vessel lumen
in the image is further determined as a position of a distance-
map pixel having the highest assigned value. It is understood
that pixels corresponding to the arterial wall have, therefore,
the assigned values of 1. FIG. 5C shows the center pixel and
the nearest to it pixels with value of 1. At the next step, it is
determined, based on the nearest-neighbor transform, which
pixel corresponding to the arterial wall (i.e., a pixel with the
assigned value of 1) is closest to the center pixel. A second
arterial-wall pixel is further identified that is located on the
opposite side of the center pixel such that the two identified
arterial-wall pixels and the center pixel liec on the same
straight line. The distance separating the two arterial-wall
pixels along the straight line is then defined as the lumen
diameter. The diameter line profile is indicated in FIG. 5D.

Additionally, the artery-lumen diameter data collected
from multiple IVUS/ChromaFlo® images corresponding to
different cross-sections of the artery is further used determine
the cardiac phase. In particular, the above-described “peak
finding” algorithm can be used to determine which images of
arterial cross-sections correspond to systole, and which cor-
respond to diastole. This determination stems from the rec-
ognition that the diameter of the lumen is the largest in a
systolic phase and the smallest in a diastolic phase. Local
extrema in a distribution of values characterizing cross-sec-
tional geometry of a lumen (for example, the lumen-diameter
values) with a position along the blood vessel correspond,
therefore, to one of the two cardiac phases. FIG. 6 provides a
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corresponding illustration of such distribution. As shown in
FIG. 6, the diameter values, representing arterial cross-sec-
tions recorded throughout the cardiac cycle using the infor-
mation obtained by IVUS, are plotted as a function of length
of the arterial vessel. The TVUS images taken at systolic and
diastolic points (maxima and minima) ofthe cardiac cycle are
further analyzed to determine the corresponding numbers of
red pixels in systolic and diastolic cross-section and to calcu-
late the corresponding indices of blood flow in the vasa
vasorum. In other words, based on the identification of the
cardiac phase at the time of the measurement, the cross-
sectional arterial images formed from ultrasound-echo data
as described in reference to FIG. 1 are separated into two
groups (a systolic group and a diastolic group) to determine
the average ChromaFlo® area and to compute the density of
vasa vasorum corresponding to the two cardiac phases. The
results of determination of the average ChromaFlo® area are
shown in FIG. 7 and illustrate that the average area of vasa
vasorum in the diastolic phase of the cardiac cycle is approxi-
mately 16% larger than that in the systolic phase. The data
shown in FIG. 7 are statistically significant at a p-value of 0.1,
because the corresponding confidence intervals do not over-
lap. Tt is appreciated that the described method effectively
retrospectively creates the ECG data, which is synchronized
with the IVUS/ChromaFlo® image data.

While the invention has been described in reference to
exemplary embodiments, it will be understood by those of
ordinary skill in the art that modifications to, and variations
of, the illustrated embodiments may be made without depart-
ing from the inventive concepts disclosed herein.

What is claimed is:

1. A method for detecting changes in a density of vasa
vasorum of a blood vessel having an axis and a wall with ause
of an intravascular ultrasound system (IVUS) configured to
produce images and to indicate image pixels representative of
a blood flow, the method comprising:

emitting bursts of ultrasound energy with a transducer, the

transducer being intravascularly positioned along the
axis of the blood vessel;

detecting, with the transducer, ultrasound echoes produced

in response to the emitted bursts of energy by echogenic
regions associated with the wall of the blood vessel, the
echogenic regions being transverse to the axis at corre-
sponding locations of the transducer along the axis of the
blood vessel;

forming images from the ultrasound echoes detected at the

corresponding locations;

analyzing the images to ascertain indicators of ablood flow

within the wall of the blood vessel; and

assigning density values to the corresponding locations

based on comparison among the indicators, the density
values representing a change of density of the blood flow
within the wall of the blood vessel,

wherein said method for detecting is devoid of using a

non-native contrast agent in association with the blood
vessel and is devoid of acquiring first data representing
an ultrasound echo at a first flow of blood in said vessel
and second data representing the an ultrasound echo ata
second flow of blood in said vessel, the second flow of
blood having been altered with respect to the first flow of
blood.

2. A method according to claim 1, further comprising dis-
playing a distribution of the change of density values in rela-
tion to the corresponding locations.

3. A method according to claim 2, further comprising iden-
tifying a location of a defect of the blood vessel by determin-
ing an extremum of the distribution.
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4. A method according to claim 1, wherein said analyzing
includes analyzing the images to ascertain indicators of a
blood flow within the wall of the blood vessel, the indicators
including color-coded image pixels.

5. A method according to claim 4, wherein said analyzing
the images includes analyzing a number of color-coded
image pixels.

6. A method according to claim 5, wherein said analyzing
a number of color-coded image pixels includes appraising a
number of color-coded pixels that exceeds a threshold num-
ber.

7. A method for in-vivo detection of a defect associated
with a blood vessel having an axis and a wall with use of an
intravascular ultrasound system (IVUS) configured to pro-
duce images and to indicate image pixels representing a blood
flow, the method comprising a first measurement carried out
at a first time, the first measurement including:

a) emitting bursts of ultrasound energy with a transducer,
the transducer being intravascularly positioned along
the axis of the blood vessel,

b) detecting, with the transducer, ultrasound echoes pro-
duced in response to said bursts of energy by echogenic
regions associated with the wall of the blood vessel, the
echogenic regions being transverse to the axis at corre-
sponding locations of the transducer along the axis of the
blood vessel;

c) forming first images from the ultrasound echoes
detected at the corresponding locations;

d) analyzing the first images to ascertain first indicators of
a blood flow within the wall of the blood vessel;

e) assigning first density values to the corresponding loca-
tions based on comparison among the first indicators, the
first density values representing a change of density of
the blood flow within the wall of the blood vessel; and

f) identifying a location of the defect by determining an
extremum in a first distribution of the first density values
related to the corresponding locations, wherein said
method does not include using a non-native contrast-
enhancing agent and does not include acquiring first data
representing an ultrasound echo at a first flow of blood in
said vessel and second data representing an ultrasound
echo at a second flow of blood in said vessel, the second
flow of bloodhaving been altered with respect to the first
flow of blood.

8. A method according to claim 7, wherein said detecting
includes detecting ultrasound echoes produced by the
echogenic regions associated with the wall of the blood vessel
and transverse to the axis at corresponding locations of the
transducer along the axis of the blood vessel, which corre-
sponding locations are defined with respect to a reference
location associated with the blood vessel.

9. A method according to claim 7, wherein said analyzing
includes analyzing the first images to ascertain first indica-
tors, of a blood flow within the wall of the blood vessel, that
include color-coded image pixels.

10. A method according to claim 9, wherein said analyzing
the first images includes appraising numbers of the color-
coded pixels respectively associated with the images.

11. A method according to claim 7, further comprising

repeating steps a)-c) at a second time that is different from
thefirst time to detect additional ultrasound echoes at the
same corresponding locations and forming therefrom
second images detected at the same corresponding loca-
tions;

analyzing the second images to ascertain second indicators
of the blood flow within the wall of the blood vessel;
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based on comparison among the second indicators, assign-
ing second density values to the corresponding loca-
tions, the second density values representing a change of
density of the blood flow within the wall of the blood
vessel; and 5
comparing first and second density values corresponding
to the location of the defect.

12. A method according to claim 11, wherein said compar-
ing includes comparing first and second density values cor-
responding to the location of the defect that includes a plaque. 10

13. A method according to claim 11, wherein said compar-
ing includes comparing first and second density values cor-
responding to the location of the defect that includes an
inflammation of the wall.
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