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SYSTEMS WITH WORKSTATIONS AND
CIRCUITS FOR GENERATING IMAGES OF
GLOBAL INJURY

RELATED APPLICATIONS

[0001] This application is a divisional of U.S. patent appli-
cation Ser. No. 13/315,970, filed Dec. 9, 2011, which is a
continvation-in-part of U.S. patent application Ser. No.
12/019,457, filed Jan. 24, 2008, which is a continuation of
U.S. patent application Ser. No. 11/051,304, filed Feb. 4,
2005, which issued as U.S. Pat. No. 7,333,845 on Feb. 19,
2008, which claims the benefit of priority of U.S. Provisional
Patent Application Ser. No. 60/542,547 filed Feb. 6, 2004, the
entire contents of the above-referenced documents are hereby
incorporated herein by reference as if recited in full herein.
[0002] This application is a divisional of U.S. patent appli-
cation Ser. No. 13/315,970, filed Dec. 9, 2011, which is also
acontinuation of U.S. patent application Ser. No. 13/029,380,
filed Feb. 17, 2011, which is a divisional of U.S. patent
application Ser. No. 11/626,958, filed Jan. 25, 2007, which
issued as U.S. Pat. No. 7,907,759 on Mar. 15, 2011, which
claims priority claims priority to U.S. Provisional Applica-
tion Ser. No. 60/764,469, filed Feb. 2, 2006, the entire con-
tents of the above-referenced documents are hereby incorpo-
rated herein by reference as if recited in full herein.

FIELD OF THE INVENTION

[0003] The present invention is related to diagnostics and
more particularly to evaluation of image data to detect tissue
injury and/or a change in a tissue property.

BACKGROUND OF THE INVENTION

[0004] Cancer treatments typically include radiation and/or
chemotherapies. The chemotherapies can include one or a
combination of cytotoxic agents and/or antineoplastics such
as alkylating agents, nitrogen mustards, nitrosureas, antibiot-
ics, hormonal antagonists or androgens, antiandrogens, anti-
estrogens, estrogen/nitrogen mixtures, estrogens, gonadot-
roopin releasing hormones, immunomodulators, and other
appropriate therapeutic agents.

[0005] Doxorubicin is an anthracycline antibiotic isolated
from a soil microorganism. Its anti-tumor effects are related
to interactions with the enzyme topoisomerase-2 and produc-
tion of double strand DNA breaks. In addition, this agent
generates intracellular free radicals that are highly cytotoxic.
Doxorubicin is considered one of the most broadly active
antitumor agents. Not only is doxorubicin typically consid-
ered an important element in modern therapy of breast, soft
tissue sarcomas and other solid tumors, it is thought to be an
important element of curative combination chemotherapy for
acute leukemia, Hodgkin’s disease, non-Hodgkin’s lym-
phoma, and many childhood cancers. Thus, for many indi-
viduals with advanced stages of cancer, doxorubicin serves as
an important part of their medical regimen.

[0006] Administration of doxorubicin therapy is generally
limited in adults and children by a cumulative dose-depen-
dent cardiotoxicity. Irreversible cardiomyopathy with serious
congestive heart failure can be a significant risk in patients
who receive doses in excess of 500-550 mg/m?. Unfortu-
nately, the dose that precipitates congestive heart failure var-
ies widely (ranging from 30-880 mg/m? in a report of 1487
patients studied over a seven year period). Those subjects
with advanced age or mild reductions in left ventricular sys-
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tolic function at rest (left ventricular ejection fraction [LVEF]
=<50%), are at greatest risk. In western industrialized coun-
tries, it is typically older subjects with cancer and some
degree of underlying heart disease whom often are in greatest
need for doxorubicin therapy, but for whom medication may
be withheld due to potential cardiotoxicity.

[0007] One method for detection of doxorubicin-induced
cardiomyopathy is intramyocardial biopsy with concomitant
left and right ventricular pressure measurements made during
cardiac catheterization. Unfortunately, this method involves
an invasive procedure and may not be well suited for repeti-
tive measurements over time. Radionuclide ventriculography
is also widely used to screen those individuals at risk for
developing doxorubicin-induced cardiomyopathy. Individu-
als who develop a reduction in LVEF of 10% or greater or
those individuals who have a fall in ejection fraction to lower
than 50% during treatment are at greatest risk for developing
irreversible cardiotoxicity. While this information is useful as
a potential screening technique, for some individuals, the
drop observed in LVEF occurs too late to avert the develop-
ment ofirreversible cardiomyopathy. For this reason, the total
dose of doxorubicin may be unduly limited for patients
receiving chemotherapy. Importantly for many individuals,
doxorubicin therapy is often stopped before patients derive
maximal benefit of the drug regimen. A noninvasive, widely
available method for accurately detecting those individuals
who go on to develop cardiotoxicity would have marked
clinical utility.

[0008] Inthe past, investigators have established the utility
of MRI for identifying necrotic tissue within the left ventricle
in patients sustaining myocellular injury. This technique
incorporates the acquisition of gradient-echo pulse sequences
with nonselective preparatory radiofrequency pulses after
intravenous administration of gadolinium chelates. In regions
of myocardial necrosis, heightened signal intensity occurs on
images collected 20 minutes after contrast administration that
corresponds to expansion of extracellular volume due to myo-
cellular membrane disruption and increased capillary perme-
ability. This methodology has been utilized to identify trans-
mural myocellular necrosis in patients sustaining acute or
chronic Q-wave (ST-segment elevation), and subendocardial
(non-transmural) injury in patients sustaining a non-Q-wave
(non ST-segment elevation) myocardial infarction. The
amount of necrosis found during MRI displays an inverse
relationship with recovery of systolic thickening after coro-
nary arterial revascularization. The absence of gadolinium
hyperenhancement 20 minutes after contrast administration
is associated with myocardial viability and subsequent
improvement in left ventricular contraction after sustaining a
ST-segment or non ST-segment elevation myocardial infarc-
tion. Although some felt delayed enhancement techniques
may overestimate regions of myocellular necrosis in the acute
infarct, recently, a tagging study in animals indicated that
delayed enhancement techniques do identify early myocellu-
lar necrosis after myocardial infarction (MI). It is believed
that, in border zones of infarcts, dead cells may move due to
tethering from adjacent live regions.

[0009] With MRI, cardiac structure can be imaged and LV
function directly assessed with high temporal and spatial
resolution. Since acoustic windows do not limit image acqui-
sition, the utility of MRI is high particularly in subjects with
alarge or unusual body habitus. This heightened clarity of the
images allows investigators to perform quantitative measures
of LV structure and function with higher precision than that
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achieved with radionuclide and ultrasound techniques. A 5%
change in LVEF in patients with reduced LV function can be
detected with 90% power at a p-value of 0.05 with a sample
size of 5 patients per group in a parallel study design. Depend-
ing upon operator experience, the same 5% change in LVEF
can require an echocardiographic assessment of >100 sub-
jects per group in the same study design. Similarly, the height-
ened spatial resolution (1 mm?® pixel sizes) achieved with
delayed enhancement MRI techniques allows for the detec-
tion of micro-infarcts that heretofore may have only been
appreciated as cardiac enzymatic elevations detected in
serum samples, but not visualized with radionuclide or
echocardiographic techniques.

[0010] Indelayed enhancement imaging, a contrast agent is
administered to a patient and an image is acquired after the
contrast agent has had an opportunity to be distributed to area
that is to be imaged such that the contrast agent remains in
injured tissue but does not remain in healthy tissue. Such
delayed enhancement imaging may be used, for example, to
identify myocardial infarcts, as the necrotic tissue of the
infarct region will retain the contrast agent while the contrast
agent will be purged from the healthy tissue. As such, the
infarct may appear as a localized region of higher intensity.
Conventionally, delayed enhancement imaging may be used
to identify localized regions of tissue damage in tissues such
as cardiac tissue, brain tissue, nerve tissue or the like.
[0011] To compare serial acquisitions of MRI images and
related voxel data, alignment of the slices for the images
(aligning the image slices from different acquisitions) can be
important to reliably detect intensity changes in voxels in
different images of a patient and/or to be able to discard less
relevant neighborhoods of voxels that might skew the inten-
sity values (and hence the analysis) of a certain region or
regions of the heart or other tissue being interrogated.

SUMMARY OF THE INVENTION

[0012] Embodiments of the present invention provide
images and/or visual tools useful for non-invasively evaluat-
ing cardiac injury. Some embodinients may be particularly
suitable for evaluating cancer patients before, during and/or
after cancer treatments, for cardiac injury associated with
cancer treatments such as chemotherapy and/or radiation
therapy. Some embodiments of the invention may also be
particularly suitable for evaluating patients with cardiotoxic-
ity or cardiac injury associated with and/or arising from other
sources such as, for example, drugs used to treat other con-
ditions, as well as chemical exposure (such as ingestion/
inhalation of a poison or gas), environmental exposure, insect
bites, snake venom, animal bites, viral, staph, or bacterial
infections, as well as cardio status due to other disease states,
infectious or otherwise, aging, trauma, and the like.

[0013] Embodiments of the present invention provide
methods, systems and/or computer program products for pro-
viding physician interactive tools that can be used to evaluate
tissue characteristics, including one or more of: cardiotoxic-
ity-induced cardiac injury using voxel/pixel histogram data,
identification of injured tissue or alteration of the ratios of
native tissue components or chemical or anatomical markers,
such as shifting the amounts of normal myocytes and fibrotic
tissue in the heart, identifying increases in the amount of
extracellular components or fluid (like edema or extracellular
matrix proteins), or detecting infiltration of tumor cells or
mediators of inflammation into the tissue of interest in a
patient, such as a human being.
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[0014] Some embodiments are directed to physician inter-
active workstations. The workstations can include a display
with a 3-D diagnostic image of a patient’s heart illustrating
substantially an entire population of voxels illustrating mea-
sures of voxel intensity in color scale.

[0015] In some embodiments, the display is configured to
display a plurality of voxel intensity histograms in a plurality
of regions of interest in the heart, the voxel intensity histo-
grams defining voxel data used to generate the 3-D image of
the heart, the plurality of voxel intensity histograms being
selectively viewable by a clinician.

[0016] Insomeembodiments the workstation is configured
to display a CMR medical image of the patients heart, and
wherein the workstation further comprises an electronic
boundary-tracing tool configured to accept user input to elec-
tronically define at least one boundary of a target region of a
heart in the medical image of the patient on the display.
[0017] In particular embodiments, the workstation may be
configured to evaluate intensity of voxels associated with
tissue within the defined boundary of the target region of the
heart whereby cardiotoxicity is evaluated. The electronic
boundary tracing tool configured to accept user input can be
used to define a plurality of adjacent regions of interest in a
left ventricle myocardium and the workstation can be config-
ured to analyze a chemotherapeutic induced cardiotoxicity
state of the patient based on intensity voxel data associated
with the regions of interest.

[0018] Other embodiments are directed to cardiotoxicity
evaluation signal processor circuits. The circuits can include:
(a) a cardiac image generator module configured to generate
a3-D image of the population of intensity voxels of the heart
in communication with a display; and (b) a histogram module
in communication with the cardiac image generator module
configured to generate a plurality of histograms of voxel
intensity data associated with regions of interest in the heart.
[0019] In some embodiments, the circuit also includes an
electronic boundary tracing tool in communication with a
workstation display the electronic boundary tracing tool is
configured to accept user input to electronically define a
boundary of at least one target region of interest of a heart in
amedical image ofa patient on the display, and wherein voxel
data for at least one of the histograms is associated with a
region of interest based on the user defined boundary of the at
least one target region of interest.

[0020] Insomeembodiments, the electronic boundary trac-
ing tool is configured to accept user input to define epi and
endo cardial boundaries of a left ventricle myocardium.
[0021] Other embodiments are directed to methods of
evaluating cardiac images. The methods include accepting
user input to electronically draw at least one boundary of a
target region of interest of a left ventricle myocardium in a
medical image on a display; and electronically associating
voxels residing in the drawn boundary to the region of interest
defined within the drawn boundary.

[0022] The method may optionally include electronically
generating at least one histogram of intensity data of at least
one region of interest in the left ventricle myocardium using
voxel data within the boundary drawn with user input.
[0023] The method may also optionally include: electroni-
cally assigning voxel intensity data to a region of interest
based on epi or endo cardial boundaries drawn by the accept-
ing user input step and/or electronically drawing a region of
interest outside the patient in the image associated with back-
ground noise.
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[0024] Other methods are directed to presenting global
injury data to a clinician. The methods include generating a
3-D image of a heart on a display, the image visually illus-
trating in color, different intensities of a population of voxels
the image.

[0025] The methods can also include generating a visual
2-D compartmental model of the heart illustrating the differ-
ent intensities of the population of voxels within respective
compartments of the heart.

[0026] Other embodiments are directed to computer pro-
gram products for evaluating cardiotoxicity in a patient. The
products include a computer readable medium having com-
puter readable program code embodied therein. The com-
puter readable program code includes: (a) computer readable
program code configured to accept user input to electroni-
cally draw a boundary line associated with at least one target
region of interest in a left ventricle myocardium of a medical
image of a patient on a display; (b) computer readable pro-
gram code configured to generate a histogram of voxel inten-
sity of the at least one region of interest with voxels within the
region of interest defined by the drawn boundary; and (c)
computer readable program code configured to generate a
3-D image of intensities of a population of voxels across the
heart; and (d) computer readable program code configured to
determine a likelihood of cardiac injury associated with car-
diotoxicity due to chemotherapy.

[0027] Still other embodiments are directed to systems for
non-invasively predicting cardiac injury due to cardiotoxicity
prior to an irreversible state. The systems include: (a) a
graphic user interface (GUI) in communication with a display
for accepting user input to draw at least one boundary about at
least one target region of interest in a left ventricle myocar-
dium in an MRI or CT image of a patient; and (b) a signal
processor circuit configured to electronically generate at least
onehistogram of intensities of voxels/pixels in the MRIor CT
image of the at least one region of interest based on boundary
data from the boundary drawn with the GUL

[0028] The system may also be configured to electronically
determine a likelihood of cardiac injury due to cardiotoxicity
based on data from the at least one histogram.

[0029] Someembodiments are directed to systems for non-
invasively evaluating cardiac injury due to cardiotoxicity. The
systems include a signal processor circuit configured to gen-
erate a 3-D image of voxel data of a patient’s heart that
visually illustrates differences in intensity of voxels associ-
ated with the heart and locations and intensity of clusters of
voxels with similar intensity across at least a major portion of
a population of voxels obtained from a CMR or CT image of
apatient’s heart, wherein voxels of intensity representing cell
injury and cell death are visualized.

[0030] The region of interest may include, for example, at
least one of the heart or compartments or components thereof,
blood, muscle, brain, nerve, skeletal, skeletal muscle, liver,
kidney, lung, pancreas, endocrine, gastrointestinal and/or
genitourinary tissue.

[0031] A characteristic of the region of interest of the first
image and of the second image is determined so as to allow a
comparison of the first image and the second image to deter-
mine a potential for a change in a tissue characteristic such as
may be caused, for example, by a global injury of the tissue of
the region of interest. Such a comparison may include a
measure of intensity, for example, comparison of mean, aver-
age characteristics, histogram shape, such as skew and kur-
tosis, or distribution of intensities within the histogram.
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[0032] Infurther embodiments of the present invention, the
global characteristic is a characteristic of pixels/voxels of the
region of interest that is based on substantially all of the
pixels/voxels in the region of interest. The global character-
istic may be an average or mean intensity of pixels/voxels in
one or more sections, partitions or a region of interest. The
tissue in the region of interest may be at least one of cardiac
tissue, brain tissue and/or nerve tissue. The first image and the
second image may be magnetic resonance imaging (MRI)
images.

[0033] While certain embodiments of the present invention
are described herein with reference to the detection of tissue
characteristics, such as global injury in a patient, such as a
human, additional embodiments of the present invention may
include detection of global injury in vertebrate or invertebrate
animals, reconstructed tissue and/or synthetic tissue. Accord-
ingly, certain embodiments of the present invention should
not be construed as limited to the detection of global injury in
a human patient.

[0034] Particular embodiments of the present invention
provide methods, systems and/or computer program products
for detecting global cardiac injury in a patient using a GUI
that accepts user input to draw a boundary about a target
subpart of the heart.

[0035] Infurther embodiments of the present invention, the
images are Magnetic Resonance Imaging (MRI) images and/
or X-ray Computed Tomography (CT) images. Also, the mea-
sure of intensity of the first cardiac image and the measure of
intensity of the second cardiac image may be average and/or
mean intensity of the respective images.

[0036] As will be appreciated by those of skill in the art in
light of the present disclosure, embodiments of the present
invention may be provided as methods, systems and/or com-
puter program products.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] FIG. 1isablock diagram of an MRI system accord-
ing to embodiments of the present invention;

[0038] FIG. 2 is a block diagram of a data processing sys-
tem according to embodiments of the present invention,;
[0039] FIG. 3 is a block diagram of a data processing sys-
tem according to embodiments of the present invention;
[0040] FIGS. 4A and 4B are flow charts illustrating opera-
tions according to certain embodiments of the present inven-
tion;

[0041] FIG. 5isa flow chart illustrating operations accord-
ing to certain embodiments of the present invention;

[0042] FIG. 6 is a three-dimensional depiction of three
short axis planes of a left ventricle;

[0043] FIG. 7 are delayed enhancement MRI images in a
middle (mid-plane) short axis view of the left ventricle with
corresponding intensity histograms;

[0044] FIG. 8 are intensity histograms of voxels within a
region of interest (ROI);

[0045] FIG. 9 is a graph of auto-correlation measures for
study patients;
[0046] FIG. 10 are images and mean voxel intensities for

two separate patients;

[0047] FIG. 11 are middle short axis views acquired
twenty-one days apart for a patient;

[0048] FIG. 12 is a screen capture of image planning soft-
ware for reproducing slice positions;

[0049] FIG. 13 is a schematic illustration of a standardized
compartmental heart model;
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[0050] FIG. 14 is a flow chart of operations that can be
carried out according to embodiments of the present inven-
tion.

[0051] FIG. 15 are delayed enhancement CMR images ina
middle (mid-plane) short axis view of the left ventricle with
corresponding intensity histograms (lower panels) of number
(y-axis) and intensity (x-axis) of voxels within the region of
interest noted in the short axis view (top panel).

[0052] FIG. 16 are aggregate histograms graphs of percent
versus intensity of voxels by type and slice according to
embodiments of the present invention;

[0053] FIG. 17 is a graph of auto-correlation measures for
study patients;
[0054] FIG. 18 are plots of mean pixel intensities of the left

ventricle myocardium in a short axis plane versus LVEF
before and after receipt of chemotherapy in patients without a
change in LVEF (left graph) and patients that developed a fall
in LVEF (right graph);

[0055] FIG. 19 are delayed contrast enhancement MRI
images of middle left ventricular short axis views acquired 18
days apart in a normal individual (the anterior chest is at the
top of the images) with corresponding graphs of mean voxel
intensities below the respective images;

[0056] FIG. 20 is a flow chart of operations according to
certain embodiments of the present invention;

[0057] FIG. 21 is an exemplary screen shot of 3-D images
of the heart with populations of voxel intensities shown
according to embodiments of the present invention;

[0058] FIG. 22 is an exemplary screen shot of a 2-D com-
partmentalized model of the heart with intensity data pro-
vided based on records providing 3-D voxel data according to
embodiments of the present invention;

[0059] FIG. 23 is an exemplary screen shot of a set of
histograms shown on a display of a workstation providing a
clinician reference tool corresponding to data from the
images shown in FIG. 21, according to embodiments of the
present invention;

[0060] FIG. 24 is a flow chart of operations according to
certain embodiments of the present invention;

[0061] FIG. 25 is a screen capture of a boundary drawn on
amedical image on a display using a GUI boundary-drawing
tool according to embodiments of the present invention;
[0062] FIGS.26A,27A, and 28A illustrate screen captures
with boundary lines and/or drawing tool “dots” electronically
enhanced using Microsoft® Paint for visibility;

[0063] FIGS. 26B, 27B, and 28B are screen captures with
exemplary interactive border/line drawing tools capable of
generating color lines on a display according to embodiments
of the present invention;

[0064] FIGS.29A-29C are schematic illustrations of exem-
plary different GUI input formats that can be used to draw or
trace boundaries in a medical image according to embodi-
ments of the present invention;

[0065] FIG.30isaschematic illustration ofa cardiotoxicity
evaluation system according to embodiments of the present
invention; and

[0066] FIG. 31 is a flow chart of a process that can be used
to extract left ventricle voxel data according to embodiments
of the present invention.

DESCRIPTION OF EMBODIMENTS OF THE
INVENTION

[0067] The present invention now will be described more
fully hereinafter with reference to the accompanying draw-
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ings, in which embodiments of the invention are shown. How-
ever, this invention should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will fully convey the scope of the invention to those
skilled in the art. Like numbers refer to like elements through-
out. As used herein the term “and/or” includes any and all
combinations of one or more of the associated listed items.
Broken lines illustrate optional features or operations unless
specified otherwise. In the claims, the claimed methods are
not limited to the order of any steps recited unless so stated
thereat.

[0068] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended to
be limiting of the invention. As used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises” and/
or “comprising,” when used in this specification, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof. As
used herein, the term “and/or” includes any and all combina-
tions of one or more of the associated listed items. As used
herein, phrases such as “between X and Y” and “between
about X and Y” should be interpreted to include X and Y. As
used herein, phrases such as “between about X and Y’ mean
“between about X and about Y. As used herein, phrases such
as “from about X to Y” mean “from about X to about Y.”
[0069] It will be understood that, although the terms first,
second, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another region, layer or section. Thus, a first element, com-
ponent, region, layer or section discussed below could be
termed a second element, component, region, layer or section
without departing from the teachings of the present invention.
[0070] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same meaning
as commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictio-
naries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and the present disclosure and will not be interpreted in an
idealized or overly formal sense unless expressly so defined
herein. Well-known functions or constructions may not be
described in detail for brevity and/or clarity.

[0071] The term “interactive” refers to a device and/or
algorithm that can respond to user input to provide an output.
The term “spline” refers to free-form curves defined with a set
of control points. Drawing of a spline curve is by placenment of
these points. Generally described, each point has an associ-
ated “shape factor” which determines the approach of the
curveto the point. A shape factor of -1 means the curve passes
through the point (interpolation). A factor of 0 means an
angular line, like an ordinary polyline. A factor of 1 means an
approximated line, where the curve approaches the point but
does not reach it. An open or closed spline can be selected
using a spline dialog. An object or point can be moved by
holding down an input key, such as <Shift>. The control
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points can be edited using a point editing mode where a
handle to move the control point. For example, holding down
<Control>and dragging on a handle to alter the shape factor
of that control point.

[0072] As is known to those of skill in the art, the phrase
“drawing a region of interest in air,” does not literally mean
“in air,” but rather that the line or curve is drawn outside the
body (and/or heart) in the image to obtain a corresponding
background of noise data that can be used to adjust voxel
intensity data.

[0073] As used herein, the term “image” refers to a spatial
signal that may be evaluated to obtain a desired measure of
signal intensity. The image can be visualized or displayed in
2-D what appear to be 3-D images, volume data representing
features with different visual characteristics such as with
differing intensity, opacity, color, texture and the like. Thus,
as is well known in the art, the term “3-D” in relation to
images does not require actual 3-D viewability (such as with
3-D glasses), but merely a 3-D appearance on a display.
[0074] The term “color scale” refers to using color to visu-
ally represent differences in a measure of intensity with simi-
lar colors representing similar intensities. Different intensity
values can have different colors. Small differences in inten-
sity may be indicated by a graduated scale of the same color.
[0075] Theterm “irreversible cardiac state” refers to a clini-
cal change in heart function that is generally chronic (cannot
self repair) that undesirably affects a patient’s cardiac output
or ability, whether in contractility, LVEF, pumping, rate or
other quantitative measure.

[0076] The term “chemotherapy” and derivatives thereof
refer to therapeutic medicaments, pharmaceuticals or other
treatments used to treat a patient. Examples of chemotherapy
agents include, but are not limited to, targeted antigens, anti-
bodies, antineoplastics such as alkylating agents, nitrogen
mustards, nitrosureas, antibiotics, hormonal antagonists or
androgens, antiandrogens, antiestrogens, estrogen/nitrogen
mixtures, estrogens, gonadotroopin releasing hormones,
immunomodulators, and other appropriate therapeutic
agents. Examples of marker or expression-based evaluation
of antigens/antibodies include those used in cancer evaluation
and/or treatment. Examples of tumor-associated antigens of
interest may include the CD-20 antigen (on B lymphocytes)
for which treatment may include agents having antibodies to
the CD-20 antigen and human epidermal growth factor
(HER2) associated with some breast tumors. It is noted that
HERCEPTIN® is currently approved for breast cancer treat-
ment. It is contemplated that other biomaterials may also be
suitable to as chemotherapeutic agents, including, but not
limited to, mixed cultures containing tumor cells and blood-
derived lymphocytes (which may be from the patient) to
produce cytolytic T lymphocytes (CTL) (or CTL clones or
autologous CTL), that lyse the autologous tumor cells (which
may be used in connection with melanoma, renal, bladder,
head and neck carcinomas, non-small lung cancer, and the
like). Other potential antigens/antibodies of interest include
MAGE-1, MAGE-3, BAGE, GAGE-1, and GAGE-3. See,
e.g., UCL Christian de Duve Institute of Cellular Pathology,
Ludwig Institute For Cancer Research, URL www. Icp.ucl.
ac.be/report95/licr95 html.

[0077] As will be appreciated by one of skill in the art, the
present invention may be embodied as methods, systems, or
computer program products. Accordingly, the present inven-
tion may take the form of an entirely hardware embodiment,
an entirely software embodiment or an embodiment combin-
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ing software and hardware aspects all generally referred to
herein as a “circuit” or “module.”” Furthermore, the present
invention may take the form of a computer program product
on a computer-usable storage medium having computer-us-
able program code embodied in the medium. Any suitable
computer readable medium may be utilized including hard
disks, CD-ROMs, optical storage devices, a transmission
media such as those supporting the Internet or an intranet, or
magnetic storage devices.

[0078] Computer program code for carrying out operations
of the present invention may be written in an object oriented
programming language such as Java®, Smalltalk or C++.
However, the computer program code for carrying out opera-
tions of the present invention may also be written in conven-
tional procedural programming languages, such as the “C”
programming language. The program code may execute
entirely on a user’s computer, partly on the user’s computer,
as a stand-alone software package, partly on the user’s com-
puter and partly on a remote computer or entirely on the
remote computer. In the latter scenario, the remote computer
may be connected to the user’s computer through a local area
network (LAN) or a wide area network (WAN), or the con-
nection may be made to an external computer (for example,
through the Internet using an Internet Service Provider). Fur-
thermore, the user’s computer, the remote computer, or both,
may be integrated into other systems, such as an MRI system
and/or X-Ray Computed Tomography system.

[0079] The present invention is described below with ref-
erence to flowchart illustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations and/
or block diagrams, and combinations of blocks in the flow-
chart illustrations and/or block diagrams, can be imple-
mented by computer program instructions. These computer
program instructions may be provided to a processor of a
general purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
processor of the computer or other programmable data pro-
cessing apparatus, create means for implementing the func-
tions/acts specified in the flowchart and/or block diagram
block or blocks.

[0080] These computer program instructions may also be
stored in a computer-readable memory that can direct a com-
puter or other programmable data processing apparatus to
function in a particular manner, such that the instructions
stored in the computer-readable memory produce an article of
manufacture including instruction means which implement
the function/act specified in the flowchart and/or block dia-
gram block or blocks.

[0081] The computer program instructions may also be
loaded onto a computer or other programmable data process-
ing apparatus to cause a series of operational steps to be
performed on the computer or other programmable apparatus
to produce a computer implemented process such that the
instructions which execute on the computer or other program-
mable apparatus provide steps for implementing the func-
tions/acts specified in the flowchart and/or block diagram
block or blocks.

[0082] MRI procedures are well established for identifying
myocellular injury and LVEF in patients with ischemic car-
diomyopathy secondary to coronary arteriosclerosis. Such
procedures may identify localized cardiac injury. However, it
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is believed that such non-invasive imaging has not been uti-
lized to identify global cardiac injury in patients with cardi-
omyopathy secondary to chemotherapy administration. Early
detection of myocellular injury could offer an opportunity to
adjust medication dosages and reduce and/or minimize the
cardio-toxic effects associated with chemotherapy. In this
manner, maximal doses of chemotherapy could be adminis-
tered to patients in the absence of myocellular injury and the
desired effect of the chemotherapy medications may be more
fully realized. While embodiments of the present invention
may be particularly useful in doxorubicin therapy, embodi-
ments of the present invention may also be utilized in evalu-
ating patients undergoing other chemical therapies and/or
radiation therapy. Embodiments of the invention may be use-
ful for evaluating global cardiac status in drug discovery
programs, clinical trials and/or diagnostic environments
using data from the detection of global cardiac injury.

[0083] Thus, it will be appreciated that although described
herein primarily with respect to cardiotoxicity induced by
chemotherapy and/or radiation, the evaluation techniques
described herein can be used for other medical evaluations of
cardiac injury and/or cardiotoxicity for other conditions, inju-
ries or other toxic exposures. For example, embodiments of
the present invention can evaluate cardiotoxicity associated
with one or more of chemical or environmental toxin expo-
sure (airborne, water, waste, and the like), poison (including
chemical and/or insect, snake or other venoms), prescription
or non-prescription drugs (such as those not associated with
cancer), disease states, aging, viral, staph and bacterial infec-
tions, trauma and the like.

[0084] Embodiments of the present invention provide for
detection of a change in tissue characteristics, such as may
result from an injury utilizing a comparison of a global char-
acteristic of a region of interest in an image of the region of
interest. A global characteristic of a region of interest is a
characteristic of the region of interest that is based on one or
more characteristics of all or substantially all of the pixels/
voxels of the region of interest. Thus, in certain embodiments
of the present invention, the global characteristic may be
substantially independent of the location of pixels within the
region of interest. Examples of a global characteristic may
include but are not limited to a statistical analysis of a char-
acteristic of pixels/voxels in the region of interest such as
average intensity, a histogram of intensity values or other
statistical analysis. The use of a comparison of global char-
acteristics of images may allow for detection of injury where
the pattern of injury is random and/or is not detectable at the
resolution of the images that are compared. Embodiments of
the present invention may also use global characteristics, not
only to detect injury to an area, but also to detect abnormal
accumulation of materials that are not found in their normal
ratios within native tissue.

[0085] Embodiments of the present invention may also be
used with molecular imaging strategies: for example, direct-
ing the contrast with molecular recognition sites to areas of
tissue and quantifying the presence of a target or molecular
process. Thus, particular embodiments of the present inven-
tion may have application in detecting cancer, inflammation,
infection, swelling or edema, scar tissue, etc. Also, embodi-
ments of the present invention could be used to define meta-
bolic pathways that are functioning within tissue in an organ
system. Particular embodiments of the present invention pro-
vide for the detection of global cardiac injury utilizing non-
invasive imaging before and/or after administration of a con-
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trast agent and/or in connection to exposure to a toxin, such
as, for example, a chemotherapeutic agent.

[0086] Non-invasive imaging techniques suitable foruse in
embodiments of the present invention include Magnetic
Resonance Imaging (MRI), ultrasound, X-ray Computed
Tomography (CT), single photon emission computed tomog-
raphy (SPECT) and/or positron emission tomography (PET).
[0087] In some embodiments, comparisons may be made
between a first or baseline image and a second image and the
contrast ofthe image analyzed to detect the presence of global
cardiac injury.

[0088] In some embodiments, at least one histogram of
intensity of voxels of cardiac tissue from an image of a patient
can be used to assess cardiotoxicity-induced cardiac injury.
Typically, the image-based histogram data includes voxels of
at least the left ventricle myocardium, where cardiac injury
can be associated with reduced cardiac function, such as a
decrement in LVEF that may result in a quality of life issue or
areduction in patient activity. Classification of the histogram
data as being likely to result in cardiac injury can be based on
norms of a population (or population segment, such as age,
race, gender, etc.) or a statistical model of probability of
cardiac injury based on histogram data, such as a substantial
decrement in LVEF (typically a decrease of greater than about
10% or a reduction below a threshold value of 50% in a
baseline image) associated with a high (and/or increased)
value of intensity and/or a histogram shape, lineshape or
voxel intensity distribution pattern.

[0089] In particular embodiments, a tail portion of the his-
togram of mean intensity voxels of an MRI or CT image of a
left ventricle myocardium may include particularly predictive
data that can be used to establish the probability of undesir-
able decrement in LVEF. One or more additional correlative
factors may also be considered in a statistical correlation
model, such as, but not limited to, left ventricle volume, mass,
a patient’s weight, age, gender, race, chemotherapeutic agent
(s), chemotherapeutic dose and the like.

[0090] The term “characterizing portion” means that the
portion is statistically validated to be predictive of the pres-
ence of or a likelihood of developing a disease, injury or
impairment. The term “tail portion” refers to a portion of a
histogram of percentage (x-axis) versus intensity (y-axis) that
is to the left of center or a peak (typically associated with
higher intensity values) of the curve or shape. The tail portion
may include at least one of a 10, 20, 30, 40, 50 and/or 60
portion of the intensity distribution of the curve associated
with a voxel intensity histogram. Typically, the tail portion is
a subset of the entire tail and may include only the portion
representing a 20, 30 and/or 40, or a 20 and/or 3oportion of
the data. The tail portion can be another portion of the curve
or shape if a different histogram construct is used. For
example, if the intensity is on the x-axis and the percentage is
on the y-axis, the characterizing portion of the curve may
change using the same data.

[0091] The term “signature” means a defined recognizable
(visually, optically or electronically recognizable) shape or
pattern statistically correlated to be predictive of an actual or
likelihood of developing a disease, injury or impairment,
typically of the heart.

[0092] In some embodiments, a histogram or histograms
taken at one or more points in time can be used to evaluate
cardiotoxicity to determine a probability of increasing car-
diac injury, before irreversible injury to the LVEF occurs.
Such a probability of occurrence can be used to alter a
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planned chemotherapeutic dose, a change in the chemothera-
peutic drug, and/or timing of administration of a chemothera-
peutic dose.

[0093] As used herein, the term “global injury” refers to a
change in tissue composition and/or function that is in a
substantially randomly distributed pattern and/or in a pattern
that is not detectable at the resolution of the images that are
analyzed to detect the injury. Thus, for example, “global
cardiac injury” may refer to cardiac injury and/or replace-
ment of native myocardial tissue with fibrous tissue, such as
scar tissue, that results in necrosis and/or fibrosis in a sub-
stantially randomly distributed pattern and/or in a pattern that
is not detectable at the resolution of the images that are
analyzed to detect the injury. Global cardiac injury that may
be detected by intensity analysis according to embodiments
of the present invention may include, for example, viral car-
diomyopathy, alcoholic cardiomyopathy, postpartum cardi-
omyopathy and/or idiopathic dilated cardiomyopathy. A glo-
bal injury may also include disproportionate amounts of other
abnormalities such as edema (extra fluid), fibrosis (scar tis-
sue), etc. Thus, embodiments of the present invention may
provide for the detection of global abnormal tissue.

[0094] Contrast agents suitable for use in embodiments of
the present invention may include paramagnetic lanthanide
chelates and/or paramagnetic lanthanide linked to a macro-
molecule, such as gadolinium DPTA. Other examples of MR
contrast for perfusion imaging include the application of sus-
ceptibility agents containing iron oxide or dysprosium that
introduce local inhomogeneity into the magnetic field by
causing large fluctuations in the magnetic moment between
blood and intracellular compartments. Imaging after the
introduction of other drugs that induce cardiomyopathy, such
as cocaine and/or alcohol could also be performed. These
fluctuations result in the shortening of T2-star of neighboring
hydrogen nuclei leading to loss of signal intensity. It is con-
templated that hyperpolarized contrast agents (such as hyper-
polarized noble gas or carbon solutions) may also be used,
particularly ones configured to be injected as solutions.
[0095] In particular embodiments of the present invention,
the same contrast agent is utilized for each image.

[0096] Additionally, certain embodiments of the present
invention may provide for contrast/intensity analysis without
the administration of a contrast agent. For example, another
example of perfusion imaging is the assessment of myocar-
dial perfusion or injury without the administration of a con-
trast agent using a blood oxygen level dependent (BOLD)
cardiac imaging via a T2-prepared true FISP, or 3D-T2-
weighted sequence strategy. Other techniques use endog-
enous contrast including spin labeling and magnetization
transfer contrast. Thus, in certain embodiments of the present
invention, a global characteristic of a region of interest may be
detected without the administration of a contrast agent.
[0097] Anexemplary system 10 according to embodiments
ofthe present invention is illustrated in FIG. 1. As seen in FIG.
1, an intensity analysis/MRI system 10 includes an MRI
acquisition system 11 that may include an MRI control sys-
tem circuit 12, an MRI pulse excitation system circuit 14 and
an MRI signal measurement system circuit 16. The MRI
control system circuit 12 controls operations of the MRI
acquisition system 11 to obtain and provide MRI images
during a cardiac cycle or portions thereof of a patient. The
MRI control system circuit 12 may also assemble and trans-
mitthe acquired images to a workstation 20 or other such data
processing system for further analysis and/or display. The
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workstation 20 may be, in an MRI suite or may be remote
from the MRI suite. The MRI pulse excitation system circuit
14 and the MRI signal measurement system circuit 16 are
controlled to acquire MRI signals that may provide MRI
images of the heart of a patient.

[0098] Conventional MRI systems, such as those provided
by General Electric Medical Systems, Siemens, Philips,
Varian, Bruker, Marconi, Hitachi and Toshiba may be utilized
to provide the desired MRI image frames (typically collected
after administration of a contrast agent). The MRI systems
can be any suitable magnetic field strength, such as, for
example, about 1.5T, and may be higher field systems of
between about 2.0T-10.0T.

[0099] While an exemplary intensity analysis/MRI system
is illustrated in FIG. 1 and described herein with a particular
division of functions and/or operations, as will be appreciated
by those of skill in the art, other divisions of functions and/or
operations may be utilized while still benefiting from the
teachings of the present invention. For example, the MRI
control system circuit 12 could be combined with either the
MRI pulse excitation system circuit 14 or the MRI signal
measurement system circuit 16. Thus, the present invention
should not be construed as limited to a particular architecture
or division of MRI functions/operations but is intended to
cover any architecture or division of functions/operations
capable of carrying out the operations described herein.
[0100] FIG. 2 illustrates an exemplary embodiment of a
data processing system 230 suitable for providing a worksta-
tion 20 and/or MRI control system circuit 12 in accordance
with embodiments of the present invention. The data process-
ing system 230 typically includes input device(s) 232 such as
akeyboard or keypad, a display 234, and a memory 236 that
communicate with a processor 238. The data processing sys-
tem 230 may further include a speaker 244, and an /O data
port(s) 246 that also communicate with the processor 238.
The 1/O data ports 246 can be used to transfer information
between the data processing system 230 and another com-
puter system or a network. These components may be con-
ventional components such as those used in many conven-
tional data processing systems that may be configured to
operate as described herein.

[0101] FIG. 3 is a block diagram of embodiments of data
processing systems that illustrates systems, methods, and
computer program products in accordance with embodiments
of the present invention. The processor 238 communicates
with the memory 236 via an address/data bus 348. The pro-
cessor 238 can be any commercially available or custom
microprocessor. The memory 236 is representative of the
overall hierarchy of memory devices containing the software
and data used to implement the functionality of the data
processing system 230. The memory 236 can include, but is
not limited to, the following types of devices: cache, ROM,
PROM, EPROM, EEPROM, flash memory, SRAM, and
DRAM.

[0102] As shown in FIG. 3, the memory 236 may include
several categories of software and/or data used in the data
processing system 230: the operating system 352; the appli-
cation programs 354; the input/output (I/O) device drivers
358; and the data 356. As will be appreciated by those of skill
in the art, the operating system 352 may be any operating
system suitable for use with a data processing system, such as
0S/2, AIX or System390 from International Business
Machines Corporation, Armonk, N.Y., Windows95, Win-
dows98, Windows2000, WindowsNT or WindowsXP from
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Microsoft Corporation, Redmond, Wash., Unix or Linux. The
operating systems may be configured to support a TCP/IP-
based or other such network communication protocol con-
nection. The I/O device drivers 358 typically include software
routines accessed through the operating system 352 by the
application programs 354 to communicate with devices such
as the I/O data port(s) 246 and certain memory 236 compo-
nents. The application programs 354 are illustrative of the
programs that implement the various features of the data
processing system 230 and preferably include at least one
application that supports operations according to embodi-
ments of the present invention. Finally, the data 356 repre-
sents the static and dynamic data used by the application
programs 354, the operating system 352, the I/O device driv-
ers 358, and other software programs that may reside in the
memory 236.

[0103] As is further seen in FIG. 3, the application pro-
grams 354 may include an intensity analysis application 360.
The intensity analysis application 360 may carry out the
operations described herein for evaluating images to detect
changes in intensity that may be associated with global car-
diac injury. The data portion 356 of memory 236, as shown in
the embodiments of FIG. 3, may include image data 362, such
as MRI image data that includes first and second images of
tissue of a region of interest for comparison.

[0104] While the present invention is illustrated, for
example, with reference to the intensity analysis application
360 being an application program in FIG. 3, as will be appre-
ciated by those of skill in the art, other configurations may
also be utilized while still benefiting from the teachings of the
present invention. For example, the intensity analysis appli-
cation 360 may also be incorporated into the operating system
352, the I/O device drivers 358 or other such logical division
of the data processing system 230. Thus, the present invention
should not be construed as limited to the configuration of FIG.
3 but is intended to encompass any configuration capable of
carrying out the operations described herein.

[0105] FIG. 4A illustrates operations according to particu-
lar embodiments of the present invention. As seen in FIG. 4A,
a first image of a region of interest of tissue of a patient is
obtained (block 400). An image may be obtained, for
example, by acquisition of the image from an imaging sys-
tem, such as the imaging systems discussed above, and/or by
obtaining the image from a database, file or other storage of
the image data. For example, a patient’s images may be
maintained in a historical database for subsequent recall as a
first image for comparison. The region of interest of tissue in
a patient that is imaged may, for, example, include heart,
blood, muscle, brain, nerve, skeletal, skeletal muscle, liver,
kidney, lung, pancreatic, endocrine, gastrointestinal and/or
genitourinary tissue. In particular embodiments of the present
invention, the tissue may be human tissue. In other embodi-
ments, the tissue may be animal tissue.

[0106] As is further illustrated in FIG. 4A, a second image
of the tissue in the region of interest for comparison to the first
image is obtained after a period of time, such as hours, days,
weeks, months or even years (block 402). The second image
for comparison reflects any change in the characteristics of
the tissue in the region of interest. The second, comparison
image may be acquired and registered (taken at the same slice
locations) with the corresponding first image. The second
image may also be obtained as described above with refer-
ence to the first image. Thus, for example, comparison images
may be historical images as well as recently acquired images.
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[0107] The first image and the second image are evaluated
to determine one or more global characteristics of the images
(block 404). The global characteristic of the images may, for
example, be an average intensity of pixels/voxels in the region
of interest. The global characteristic could also be a statistical
analysis of the pixels/voxels in the region of interest. For
example, the standard deviation, mean value or other statis-
tical analysis of the pixels/voxels in the region of interest
could be determined. Also, a histogram of a characteristic of
the pixels/voxels in the region of interest could be provided as
a global characteristic. The characteristic of the pixels/voxels
that is evaluated to provide the global characteristic may
include intensity, color, saturation and/or other characteris-
tics of individual pixels/voxels as well as relative character-
istics of multiple pixels/voxels, such as contrast ratios or the
like.

[0108] The results of this evaluation are provided to a user
or may be provided for further analysis (block 406). For
example, a comparison of the first image and the second
image may be performed and a difference in average intensity
may be provided as results to a user. Furthermore, a histogram
of the characteristic and/or differences in the characteristic
between the baseline and comparison images may be deter-
mined and provided as a result. Additionally, the histogram
could be pattern matched to a library of histogram profiles
that are characteristic of particular injuries, diseases and/or
conditions. The results of the determination may, for
example, be provided as part of a graphic user interface
[0109] The results of the evaluation of the global charac-
teristic of the image of the tissue in the region of interest may
be utilized in the detection, perhaps the early detection, of
change in tissue characteristics such as may result, for
example, from injury to the tissue or other conditions as
discussed above. Such a global characteristic evaluation may
be suitable in detecting tissue characteristics that result in a
random pattern of different tissue characteristics in the region
of interest or that are imaged at a resolution where a pattern of
the tissue characteristic cannot be detected.

[0110] FIG. 4B illustrates operations according to particu-
lar embodiments of the present invention utilizing adminis-
tration of a contrast agent. As seen in FIG. 4B, a baseline
image of a region of interest of tissue of a patient is obtained
(block 450). An image may be obtained, for example, by
acquisition of the image from an imaging system, such as the
MRI system illustrated in FIG. 1, and/or by obtaining the
image from a database, file or other storage of the image data.
For example, a patient’s images may be maintained in a
historical database for subsequent recall as a baseline image
for comparison. The baseline image may be an image taken
without administration of a contrast agent, after administra-
tion of a contrast agent and/or a period of time, such as twenty
minutes, after administration of the contrast agent. The region
of interest of tissue in a patient that is imaged may, for
example, include heart, blood, muscle, brain, nerve, skeletal,
skeletal muscle, liver, kidney, lung, pancreatic, endocrine,
gastrointestinal and/or genitourinary tissue. In particular
embodiments of the present invention, the tissue may be
human tissue. In other embodiments, the tissue may be ani-
mal tissue.

[0111]  As is further illustrated in FIG. 4B, an image of the
tissue in the region of interest for comparison to the baseline
image is obtained after administration of a contrast agent
(block 452). The image for comparison reflects the effect of
the contrast agent on the tissue in the region of interest. In
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particular embodiments of the present invention, the image
may be a myocardial delayed enhancement (MDE) image.
The comparison image may be acquired and registered (taken
at the same slice locations) with the corresponding baseline
image. The comparison image may also be obtained as
described above with reference to the baseline image. Thus,
for example, comparison images may be historical images as
well as recently acquired images.

[0112] The baseline image and the comparison image are
evaluated to determine one or more global characteristics of
the images (block 454). The global characteristic of the
images may, for example, be an average intensity of pixels/
voxels in the region of interest. The global characteristic
could also be a statistical analysis of the pixels/voxels in the
region of interest. For example, the standard deviation, mean
value or other statistical analysis of the pixels/voxels in the
region of interest could be determined. Also, a histogram of a
characteristic of the pixels/voxels in the region of interest
could be provided as a global characteristic. The characteris-
tic of the pixels/voxels that is evaluated to provide the global
characteristic may include intensity, color, saturation and/or
other characteristics of individual pixels/voxels as well as
relative characteristics of multiple pixels/voxels, such as con-
trast ratios or the like.

[0113] For example, the global characteristic can be the
standard deviation, comparison of mean, average character-
istics, histogram shape, such as skew and kurtosis, or distri-
bution of intensities within the histogram, other moment of
analysis, or other statistical analysis of the pixels/voxels in the
region of interest. Also, a histogram of a characteristic of the
pixels/voxels in the region of interest could be provided as a
global characteristic. The characteristic of the pixels/voxels
that is evaluated to provide the global characteristic may
include intensity, color, saturation and/or other characteris-
tics of individual pixels/voxels as well as relative character-
istics of multiple pixels/voxels, such as contrast ratios or the
like.

[0114] In some particular embodiments, one of equations
()-(3) may be used to evaluate voxel data. The standard
deviation (spread of the distribution) may be defined by math-
ematical equation (1).

n Equation 1

i=1

[0115] where “n” is the number of voxels measured for one
individual, x, is the individual intensity of voxel 1, and X is the
mean of the voxels.

[0116] The skewness of the distribution, which measures
the symmetry of the distribution, can be defined by equation

).

n Equation 2

[0117] where n, X, and X are as defined above for equation
(1) and s is the standard deviation of the distribution of voxels
as defined above.
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[0118] The kurtosis of distribution is a measure that
describes the “tails of the distribution” and may also be
known as the “peakedness” of a distribution. The kurtosis can
be defined by equation (3).

-1 Equation 3

i=1

[0119] wheren,s, x, and X are as defined above. If data were
normally distributed the skewness and kurtosis, as defined
above, both would be zero (which is not the typical situation
for cardiac toxicity or injury).

[0120] The results of this evaluation are provided to a user
or may be provided for further analysis (block 456). For
example, a comparison of the baseline image and the com-
parison image may be performed and a difference in average
intensity may be provided as results to a user. Furthermore, a
histogram of the characteristic and/or differences in the char-
acteristic between the baseline and comparison images may
be determined and provided as a result. Additionally, the
histogram could be pattern matched to alibrary of histogram
profiles that are characteristic of particular injuries, diseases
and/or conditions. The results of the determination may, for
example, be provided as part of a graphic user interface
[0121] The results of the evaluation of the global charac-
teristic of the image of the tissue in the region of interest may
be utilized in the detection, perhaps the early detection, of
injury to the tissue. Such detection may be provided for inju-
ries that result in a different concentration of contrast agent
being present in injured versus healthy tissue. Such a global
characteristic evaluation may be suitable in detecting injuries
that result in a random pattern of injured tissue in the region
of interest or that are imaged at a resolution where a pattern of
the injured tissue cannot be detected. Thus, for example, with
a 1.5 Tesla MRI imaging system, a typical myocardial infarct
would not be considered a global image and the detection and
location of increased intensity in an image in the location of
the infarct would not be considered a random pattern of
injured tissue or a pattern of injured tissue that could not be
detected at the resolution of the MRI imaging system.
[0122] FIG. 5 illustrates operations according to particular
embodiments of the present invention. As seen in FIG. 5, a
contrast agent is administered to a patient (block 400) and an
image of at least a portion of the patient’s heart is acquired
(block 402). In particular embodiments of the present inven-
tion, the acquired perfusion image may be a myocardial
delayed enhancement (MDE) image. In MDE, after about 20
minutes after a contrast agent, such as gadolinium DPTA, is
administered, ordinarily some of it has leaked into necrotic
(dead) tissue and will appear bright (hence, delayed enhance-
ment). These images may be acquired and registered (taken at
the same slice locations and/or processed to align at the same
locations) with the corresponding baseline perfusion images.
[0123] Theacquired image is evaluated and the intensity of
the image 1s compared to a baseline image (block 404). The
baseline image is an image of the patient’s heart and may be
a previously acquired image that was also acquired after
administration of a contrast agent. The baseline image may
have been acquired prior to administration of a treatment
regimen or may be an image acquired at an earlier evaluation.
The comparison of images may be a comparison of average
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intensity and/or mean intensity of the images as discussed in
more detail below. If the intensity of the image has not
increased in comparison to the baseline image (block 406),
then an indication that a global cardiac injury is not present
may be provided (block 408). If the intensity of the image has
increased in comparison to the baseline image (block 406),
then an indication that a global cardiac injury may be present
may be provided (block 410).

[0124] In still further embodiments of the present inven-
tion, the evaluation of global image characteristics, such as
the intensity of the cardiac images, may be performed auto-
matically or partially automatically utilizing image process-
ing techniques. An automatic comparison may, for example,
also include registration of the differing images to each other.
Such a registration may be provided utilizing conventional
pattern recognition and/or alignment techniques such that
corresponding pixels of the images or portions of the images
are each associated with approximately the same physical
location within the patient.

[0125] In particular embodiments, registration may be
across the entire left ventricle myocardium using a plurality
of slices, such as at least about three, typically at least about
eight, and more typically about 10, short axis slices per
patient. Co-registration may be calculated as the union of left
ventricle voxel locations which may be carried out to provide
at least about a 95% overlap of regions between images.
[0126] In particular embodiments of the present invention,
a patient may be taken to the MRI suite where he/she will be
placed supine on the MRI table and ECG leads and respira-
tory gating bellows applied. MRI scans may be performed on,
for example, a 1.5 Tesla GE CV, scanner with a phased array
surface coil applied around the chest to optimize signal to
noise ratio, or another MRI scanner. Images may be acquired
using a fast gradient echo technique, with the repetition time
(TR) and echo time (TE) based on the R-R interval of the
subject. Multislice coronal, gradient echo sequences may be
used to obtain scout images of the chest and locate the left
ventricle. Subjects may be injected intravenously with a
gadolinium contrast agent (0.2 mmole/kg Gadoteridol (Pro-
hance, Bracco Diagnostics, Princeton, N.J.)). The time of this
injection may be recorded.

[0127] After locating the left ventricle, a, series of steady
state free precession, short axis views can be acquired per-
pendicular to the left ventricle covering from the base to the
apex. Imaging parameters can be, for example, 32 cm field of
view, 35 degree flip angle, 8 mm slice thickness, 2 mm inter-
slice space, and a 256x128 matrix. The scans may have a
temporal resolution of about 40 msec to identify end systole
for determinations of LV volumes, EF (ejection fraction) and
mass using known protocols. See, Natori et al., Cardiac MR
Imaging in MESA: Protocol and Normal Values, AM J Roent-
genol (In Press) (describing a multi-center cohort study such
as the Mutli-Ethic Study of Atherosclerosis with greater than
6000 subjects). For example, to measure LV volumes, a series
of LV short axis views spanning the base to the apex of the
heart can be acquired. The volume is determined by summing
the endocardial area within each slice multiplied by the slice
thickness. Endocardial area in each segment can be calculated
at end-diastole and end systole. This technique is known as
Simpson’s rule technique and can calculate volumes without
using formulas with assumptions about LV shape. Left ven-
tricular ejection fraction can be calculated using the relation-
ship: (end-diastolic volume-end-systolic volume)/end-dias-
tolic volume. See Semelka et al: Interstudy reproducibility of

May 8, 2014

dimensional and functional measurements between cine
magnetic resonance studies in the morphology abnormal left
ventricle, Am. Heart J. 119:1367-1373 (1990).

[0128] About twenty minutes from the time of the contrast
injection, at least three short axis views in the same slice
positions as the LV volume determinations, such as (basal,
middle, and apical) delayed enhancement images, may be
acquired using a fast gradient echo preceded by a nonselec-
tive saturation pulse. Landmarks for these acquisitions may
be measured from the coronary sinus within the atrio-ven-
tricular groove extending horizontally across the mitral valve
annulus. These images may be acquired using a 38 cm field of
view, 24 views per segment, 8 mm slice thickness (2 mm gap),
2NEX, 256256 imaging matrix, anda 0.75 rectangular field
of view. The inversion time (T7) for the delayed enhancement
images may be adjusted 140to 160 msec to provide a uniform
dark background. Additionally, in these three short axis slice
positions, a fast-gradient-recalled echo pulse sequence may
be used with phase-encode ordering. These images may be
subjected to phase-sensitive reconstruction that reduces the
variation in apparent contrast intensity that is observed in the
magnitude images as TI is changed. In addition, the phase-
sensitive reconstruction may decrease the sensitivity to
changes in tissue T, with increasing delay from the gado-
linium contrast injection.

[0129] Uponcompletion of the image acquisition, the loca-
tions, measurements, and representative images may be trans-
ferred electronically to a database. This information may be
available to the MRI technologist via a PC workstation at the
time of each scan and facilitate the relocation of slice posi-
tions (registration) on subsequent studies.

[0130] FIG. 12 illustrates a screen capture of software for
planning image slices. Such software may provide electronic
copies of image planning slices and positioning coordinates
that are saved for retrieval during subsequent visits in a study.
This has the effect of improving the ability of the MRI tech-
nologist to reproduce slice positions from the previous visits.
In the example of FIG. 12, a long-axis view of the heart with
a resultant delayed enhancement short axis view is shown.
[0131] On the delayed enhancement acquisitions, regions
ofinterest (ROIs) encompassing the LV myocardium on all of
the multi-slice acquisitions may be determined. High signal
intensities associated with the blood pool withinthe LV cavity
may be avoided. The signal intensity and location (X, y, and z
coordinates) of each (or selected) voxel within the ROIs may
be recorded from both baseline and delayed enhancement
images. Values may also be derived from subtracting the
mean intensity for a separate ROI, for example, without con-
trast agent, from the intensities by using a separate ROI within
the air/space outside of the body. The ROIs may be utilized as
discussed below in the Examples in determining a change in
intensity between two images.

[0132] Insome embodiments, a slice position between first
and second acquisitions (or more) can be aligned using phy-
sician interactive tools that can allow the physician to draw
freehand or with software-guidance (i.e, GUI tools such as
adjustable size/shape curves), the endo- and epi-cardial
boundaries of the LV myocardium and can also allow a phy-
sician to define a region of interest for the background noise
in the air as discussed above. The defined LV boundaries can
help avoid high signal intensity voxels located beyond the LV
myocardium. This background ROI can be automatically
sized to have the same area (hence the same number of vox-
els) as the annular LV ROI. This may facilitate proper scaling
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for the subtraction of the air histogram from the LV histogram
in the noise removal process. Histograms of the voxel inten-
sities in the L'V or air regions, as well as a difference histo-
gram, can be plotted using automated software algorithms
with customization options. A 3-D image of the heart illus-
trating the different voxel intensities may be generated; such
an image differs from conventional CMR images in that voxel
intensities are quantified (relatively or absolutely) and visu-
ally indicated on the image with similar intensities having
similar grayscale or color (such as with different and gradu-
ated shades of color for different voxel intensities) to empha-
size the distribution on injured or dead cells over the heart
and/or target compartments of the heart. Thus, the heart can
be illustrated “lit-up” with visually accentuated regions of
impaired or dead cells for ease of viewability and reference
for a clinician.

[0133] Insome embodiments, other known noise or back-
ground removal strategies can be employed, such as, for
example, Wiener and Kalman filtering, that can consider the
location of noise voxels removed from the image. See Gonza-
lez et al., Digital Image Processing, Addison-Wesley Pub.
Co., p. 279 (1992).

[0134] Insome embodiments, a standardized model of the
heart 500 can be visually generated with the voxel intensity
data such as shown in FIG. 13. The model shown in F1G. 13
is a 17-segment model of the heart that can visually illustrate
cardiac status to a clinician. This model corresponds to the
model developed by the American Heart Association and the
American College of Cardiology to standardize reporting of
radionuclide scintigraphy, echocardiography, Computed
Tomography and MRI data related to LV myocardial func-
tion, perfusion and injury. As shown, regional blood flow to
the compartments or segments in the model can be ascribed to
the left anterior descending anterior (LAD), right (RCA) and
circumflex (LCX) coronary arteries. See Cerqueira et al.,
Standardized Myocardial segmentation and nomenclature
for tomographic imaging of the heart: A statement for health-
care professionals from the cardiac imaging committee of the
council on clinical cardiology of the American Heart Asso-
ciation, Circulation: 105: 539-542 (2002). The model can be
displayed on the physician workstation (or electronically
stored in memory at a suitable local or remote site) as a
color-coded graphic display in any suitable format, such as,
but not limited to, GIF, TIFF, IPEG or BMP. The model 500
can be configured to display adjacent one or more histograms
of different slices of intensity data at a physician workstation.
The 17 compartments can be those listed below.

. basal anterior

. basal anteroseptal
. basal inferoseptal
. basal inferior

. basal inferolateral
. basal anterolateral
. mid anterior

. mid anteroseptal
9. mid inferoseptal
10. mid inferior

11. mid inferolateral
12. mid anterolateral
13. apical anterior
14. apical septal

15. apical inferior
16. apical lateral

17. apex
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[0135] Tt is contemplated that employing the standardized
mode] using CMR data alone or with data from other tech-
niques can provide additional information in the process of
myocellular injury in patients having or at potential of having
(global) cardiac injury, for example, patients receiving che-
motherapy. Further, a determination of the relationship
between regional myocellular injury and global LVEF change
may be established. For example, in ischemic cardiomyopa-
thy, injury to the apical LV segments is associated with
reduced exercise capacity and an increased incidence of
future myocardial infarction or death when compared to
injury in basal myocardial segments.

[0136] FIG. 14 illustrates a non-invasive monitoring tool
(which can be compared to a non-invasive biopsy) that can be
used during a course of treatment of an oncology patient to
monitor cardiotoxicity. As shown, cardiac image voxel data
can be acquired (block 600). The image typically includes an
image of at least the left ventricle myocardium. At least one
histogram of the image data can be generated from the voxel
image data (block 605). The histogram can be of intensity
(average, mean or other measure of intensity) voxel distribu-
tion in regions of interest across the volume of the left ven-
tricle myocardium including one or more of the apex, base or
mid regions. In particular embodiments, a mean intensity
histogram can be generated. An algorithm can electronically
analyze the histogram data and determine if the probability of
LVEF drop is high (block 610). In some embodiments, the
algorithm can electronically evaluate a tail portion of the
histogram to determine the probability of a future undesirable
drop in LVEF, if chemotherapy is continued. The algorithm
can include pattern recognition or electronic correlation
analysis software that can analyze one or more of aline shape,
distribution pattern, and/or histogram shape (particularly of
the tail portion of the histogram). If the probability is high,
then the clinician can be notified to determine if the chemo-
therapy should be changed (block 612). A clinician (such as
an oncologist or other physician) may then decide how to
proceed before the next planned active chemo delivery, such
as, for example, decrease the dose, change the drug or drug
combo, delay the next treatment, prescribe a medicament to
help alleviate the condition, or terminate the chemo alto-
gether (perhaps initiating an alternative treatment, such as a
radiation treatment). If the probability is determined to be
moderate (block 615), then a clinician can determine whether
to decrease the dose, alter the chemotherapy regimen, change
the chemotherapy drug(s), or increase the monitoring fre-
quency (block 616). If the probability is considered low
(block 620), the chemotherapy can continue as planned, and/
or a physician may even increase the dose as needed. If the
next round of chemotherapy is not the last, the sequence of
operations described above can be repeated. The sequence of
operations may be carried out at 1 month, 2 months and 4
months into chemotherapy and may include a baseline evalu-
ation prior to initiation of chemotherapy.

[0137] As shown, optionally, the histogram results can be
provided to a display associated with a clinician’s worksta-
tion and/or each of the probability calculations and/or results
can be provided to the display as well (block 630). The rela-
tive or absolute “high”, “moderate” and “low” probabilities
can be defined in any appropriate absolute or relative manner.
However, “high” probability typically means that the likeli-
hood that an undesired drop in LVEF (it is contemplated that
the undesired drop may correlate to at least about a 5% LVEF
drop, and typically (clinically) about 10% or more) will occur
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if the planned chemotherapy continues is about 75% or
greater. The term “moderate” means between about 25%-
74% probability that the LVEF drop will occur, and the term
“low” means that there is less than about a 25% chance that
the TVEF drop will occur.

[0138] The chemotherapy monitoring tool can be config-
ured to consider factors other than the histogram to determine
risk: for example, the type of chemotherapy regime, the num-
ber of doses received at the time of the reading, previous
cardiac history, and the like. For example, about 85% of
patients experiencing toxicity will do so after receipt of
approximately 100 mg/m? of doxorubicin (usually at T=1
month). Thus an evaluation before that time that indicates a
moderate risk may be elevated to a probable risk for future
events. That is, if a patient presents with a “moderate” prob-
ability risk at baseline, afier a first dose, and/or when associ-
ated with a drug or drug combination known to induce more
severe cardiotoxicity reaction, then this data may be consid-
ered to make the patient at high risk for the planned chemo-
therapy treatment.

[0139] Because the monitoring is non-invasive, a clinician
can request daily, weekly, monthly, or at other desired sched-
ules of review and may even use the monitoring data to help
time the spacing and/or date of the chemotherapy delivery
itself and/or to titrate a dose for that patient.

[0140] The operations can be carried out to generate a
report of probabilities of cardiotoxicity response. The report
can be an electronic and/or paper report, and may be gener-
ated in substantially real-time or shortly after acquisition of
the image data. A first baseline image can be obtained prior to
initiation of a chemotherapy regime. Alternatively, one or
more monitoring images can be obtained at various times
during the course of chemotherapy. In some embodiments, a
respective image can be obtained and the LVEF drop predic-
tive analysis performed before each round of chemotherapy,
particularly each later round of chemotherapy. Alternatively,
the analysis can be carried out after (or even during) a che-
motherapy administration. The monitoring process can gen-
erate an alert to notify a physician if a probability is high or
moderate, before irreversible injury associated with an undes-
ired drop in LVEF actually occurs. This alert of probabilities
of an undesirable response can allow a clinician to alter the
planned therapy before actual irreversible LVEF injury
occurs.

[0141] While embodiments of the present invention have
been described above with respect to particular views,
regions, areas and/or slices of the heart, other views, regions,
areas and/or slices of the heart may also be utilized. Further-
more, fewer or greater than three slices may be utilized.
Different numbers of slices may be used for different patients.
For example, three slices may be appropriate to sufficiently
evaluate a heart of a young child, while about 20 may be
required for aheart of a large person, with an average number
of slices being about 10.

[0142] Additionally, the images may be taken along the
long or short axis of the heart. Accordingly, certain embodi-
ments of the present invention should not be construed as
limited to the particular views of the heart but may include
any view and/or number of views of the heart that allow for
intensity analysis to detect global cardiac injury.

[0143] Typically, a first baseline image will be obtained
prior to or early in treatment or as an initial reference point in
diagnosis of change in cardiac condition. Subsequent images
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for comparison may be taken daily, weekly or at other fixed or
variable interval(s) or prior to or after a planned treatment,
such as a cytotoxic treatment.

[0144] It is noted that although for some embodiments
including voxel data from the left ventricle of particular inter-
est in assessing cardiac injury and/or cardiotoxicity has been
described above, voxel data from other regions of the heart,
including for example, the right ventricle and/or the base or
tip may be employed. Combinations of two or more spaced
apart regions of interest in different heart locations may also
be used to evaluate cardiac injury and/or risk of injury. The
region(s) so selected, when having impaired or dead cells
identified by image voxel data, can be associated with
reduced cardiac function and/or a present or future increased
risk of cardiac dysfunction or even cardiac-induced morbid-
ity.

[0145] Itis contemplated that voxel data can help identify
impaired cells as well as necrotic tissue. That is, in some
embodiments, voxel data can be used to visualize or detect
cell injury, such as that associated with inflammation or accu-
mulation of water around cells in the heart, which can inhibit
contractility and impair cardiac function. The impaired cell
data can also be used to predict future irreversible cardiac
injury or a more severe drop in function or contractility,
oxygenation, valve function and the like.

[0146] In some embodiments, a clustering of impaired or
dead cells in one or more volumetric regions of interest can be
used to indicate present cardiac injury and/or predict future
cardiac injury associated with undesirable cardiac dysfunc-
tion. The clustering-effect may have more relevance for less
voxels having less intensity than “super hot” voxels (super-
hot refers to the highest intensity voxels), such as, for
example, where clusters of relatively mid-intensity voxels or
mid-high intensity voxels appear in certain compartments of
the heart. See, e.g., the arrows that point to exemplary range
voxels in FIG. 16.

[0147] It will be appreciated that although described above
primarily with respect to cardiotoxicity induced by chemo-
therapy, the evaluation techniques described herein can be
used for other medical evaluations of cardiac injury and/or
cardiotoxicity due to other conditions, injuries or other toxic
exposures. For example, embodiments of the present inven-
tion can evaluate cardiotoxicity associated with one or more
of environmental toxin exposure (airborne, water, waste, and
the like), poison (including insect, snake or other venoms),
prescription or non-prescription drugs, and the like.

[0148] Some embodiments of the invention may be used to
evaluate how drugs affect cardiac tissue for pharmacological
studies, such as, for example, clinical trials and/or drug dis-
COVery.

[0149] Turning now to FIG. 20, embodiments of the present
invention provide a visual tool of diagnostic data of a 3-D
volume of the heart to allow a physician interface for ease of
viewing cardiac injury, such as global injury that can occur
with cardiotoxicity. The 3-D image can visually illustrate
(typically in color) populations of similar intensity voxels
(voxel intensity distribution) in the heart. As shown in FIG.
20, a medical image of a patient’s heart is provided, the image
having associated voxel intensity data (block 650). The medi-
cal image may optionally be a CMR image (block 651) and
may have a stack of multi-slice short axis images, each image
having 3-D coordinates of all the voxels within the image
(block 652); The voxels can be electronically related to a
respective location (in the heart) in 3-D space (block 660). A
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plurality of histograms of the voxel data for a plurality of
regions of interest, including regions that are distributed over
the heart, can be generated (and optionally displayed) (block
670). A 3-D image of the heart can be generated (and dis-
played) illustrating the voxel intensities in a color correlated
to a respective intensity value to thereby provide voxel-spe-
cific intensity and location data of locations of populations (of
similar intensity) of voxels over the heart (block 680). In this
manner numbers and relative spatial location of similar inten-
sity voxels can be relatively easily determined, allowing a
clinician to view where and how much of the heart is affected
by cell injury and/or death.

[0150] Diagnostic data that can be provided by the 3-D
voxel evaluation that may be of clinical interest include loca-
tion and numbers of voxels having intensity measures indica-
tive of injury or cell death. This is because even small num-
bers of voxels of undesirable intensity may be associated with
a decrease in function (such as pumping) if located in a
susceptible area/region of the heart. On the other hand, even
if not located in a relatively susceptible region of the heart, a
relatively large number of voxels of undesirable intensity
(even if not tightly or even loosely clustered) may also be
problematic or predictive of a cardiac state. The voxel distri-
bution may reveal a small number of high intensity voxels
(which may be particularly relevantiflocated within a critical
region associated with heart malfunction), a large number of
clustered voxels of undesired intensity (representing cellular
injury or death) in one or more locations, a lower number of
clustered voxels when disposed in a critical zone or region, a
sprinkling of voxels, or a sprinkling of clusters of voxels, if
the voxels or clusters are relatively closely spaced in a tissue
region. If one or more of the above is present, cardiac injury,
impairment or cardiac dysfunction may be indicated.

[0151] If displayed, the histograms can be visually pre-
sented in color in a format that allows a clinician to relatively
quickly scroll through a series of the histograms for a visual
review of the distribution of intensity in the heart. The histo-
grams can be configured to show graphs of regions of interest
as a percentage of the entire 3-D volume.

[0152] In some embodiments, a 2-D compartmentalized
visual model of the heart illustrating measures of intensity in
the defined compartments can be displayed (block 681) and
may be stored electronically and/or printed in paper for a
patient’s file. In some embodiments, an evaluation or predic-
tion of an outcome or condition of interest (LVEF, indicator
variables or parameters for LVEF drop or other serum mark-
ers of heartinjury) can be carried out using intensity measures
in one or more of the compartments. Positive match of an
undesired voxel intensity distribution extending in multiple
segments or compartments may be predictive of cell injury,
cell death and/or cardiac injury.

[0153] FIG. 21 is an exemplary screen shot of 3-D images
of the heart with populations of voxel intensities shown
according to embodiments of the present invention. FIG. 21
includes three screen shots of a short axis view of the left
ventricle where white/lighter regions in the screen shot of the
images indicate high intensity voxels. The middle slice
reveals an area of infarction. FIG. 22 is an exemplary screen
shot of a 2-D compartmentalized model of the heart with
intensity data provided based on records providing 3-D voxel
data according to embodiments of the present invention. The
image can be in color to visually emphasize the locations of
high intensity pixels in the image. For example, “normal”
pixel intensities can be represented in gray scale while high
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intensity pixels may be shown in green or some other visually
enhanced color for ease of visualization. F1G. 23 is an exem-
plary screen shot of a set of histograms shown on a display of
a workstation providing a clinician reference tool, according
to embodiments of the present invention. The histograms
shown in FIG. 23 correspond to the voxel intensity in ROIs in
the images shown F1G. 21.

[0154] FIG. 24 is a flow chart illustrating yet other embodi-
ments of the present invention. In this embodiment, a medical
image of the heart can be provided to a display (the image
having associated voxel intensity data) (block 700). User
input is accepted to electronically draw, using the display, a
boundary of at least one region of interest in the heart (block
705). The region of interest can be a three-dimensional region
having an associated thickness. The at least one region of
interest can be the left ventricle myocardium and the user can
draw the line as a series of short axis images of the heart (as
the region has an associated thickness) (block 706). At least
one histogram of voxel intensity data can be generated using
voxel data within the drawn boundary for the region of inter-
est (block 710).

[0155] Theimage canbea CMR image (block 701) that can
include a stack of short axis image views of the heart; each
image can have 3-D dimensional coordinates of all the voxels
within its image (block 703).

[0156] Theuserinput canbe by freehand (manual) drawing
(block 711) using a finger contact on the screen, a stencil,
light beam, or other input tool. Alternatively, or additionally,
the user input can include selectable tools, such as electroni-
cally assisted line or curve shape-assisted boundary drawing
features, including, for example, spline format tools (block
712). Manipulation tools that allow the user to move a drawn
line or inserted point, adjust the shape or size, zoom, rotate or
otherwise manipulate the image and/or the drawn boundary
line can be provided in a manner that does not interfere with
intensity values in the images (block 707). An “undo”, erase
or backtrack tool can be provided to allow ease of editing the
drawn boundary (block 709).

[0157] In some embodiments, voxel data can be related to
the region of interest within the drawn boundary and elec-
tronically saved to a patent data file (such as on a patient
database record server) (block 708).

[0158] FIG. 25 illustrates a display 730 withan image of the
heart and a defined region of background noise in the air 731
with a user drawn inner boundary 733 and user positioned
points 734p spaced apart about an outer boundary 734 of aleft
ventricle annular space. Thus, the cardiac evaluation systems
can be configured to allow a user to trace or draw an annulus
encompassing the left ventricle myocardium as two separate
closed curves. The inner boundary line 733 is drawn about the
endocardial surface and the outer boundary line 734 is drawn
about the epicardial surface. In this image, the left ventricle is
of particular interest but other regions may be of interest and
a user/operating drawing of boundaries may also be used in
other regions of interest.

[0159] The epi- and endocardial border (or other feature) of
each slice from a multi-slice short axis acquisition can be
identified using a contour following, gradient based semi-
automated drawing program according to generally known
digital image processing techniques. See, e.g., Pratt W. K.,
Digital Image Processing, NY, N.Y. (2d ed.), John Wiley and
Sons; 1991; 610-22. Basal slices can be reviewed in cine
format to resolve structures forinclusion (aortic outflow tract)
or exclusion (left atrium and mitral leaflets).
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[0160] The user drawn or defined curves can be drawn
using closed splines or freehand. Re-size handles (shown as
the squares) enclosing points 734 can be used on a selected
curve to provide ease of adjustment of size and/or shape. The
proposed boundary drawing techniques can help to avoid
partial volume effects associated with high signal intensities
found within the blood pool of the LF cavity or in pericardial
fluid external to the myocardium. Thus, a semi-automated
method as described can allow a user/operator to delineate the
boundaries of anatomical structures in the heart, such as to
delineate the endocardial epicedial surfaces in a time efficient
mannet.

[0161] In some embodiments, software or algorithms can
be used to perform a region-growing operation to identify the
voxels contained within the indicated boundaries. The voxel
intensities and respective (X, y, and z) coordinates can be
electronically saved to a patient file, such as a local or remote
server and/or disk file, and may be held in the same folder as
the image data or just correlated using an assigned digital
address or other suitable correlating technique. The data can
be written in text, EXCEL or other suitable formats.

[0162] It will be appreciated that each LV short axis slice
can include between about 2,000-20,000 voxels (typically
depending on slice location), defining the location and corre-
lation of the location to the voxel intensity data can help
assess a change in signal intensity in voxels in regions of
interest, as the change can be predictive of a cardiac injury.
Identification of the voxels within the LV myocardium versus
voxels physically located in other structures (valves), or cavi-
ties (LV chamber) and/or blood pools, can provide increased
reliability in the analysis model. Similarly. characterizing
background noise may be useful, as the noise typically exists
within the image; characterizing the background noise and
adjusting for it as appropriate may facilitate the voxel inten-
sity analysis.

[0163] Insomeembodiments, noise removal can be carried
out by subtracting the histogram of the air ROI, shown for
example as feature 731 in F1G. 25). The ROI for the air region
731 can be automatically electronically sized so that it has the
same area (and hence the same number of voxels) as the
annular LV ROI. The scaling can facilitate proper subtraction
of the air histogram from the LV ROI histogram in a noise
removal process. Histograms of voxel intensities in the LV or
air regions, as well as a difference histogram, can be graphed
using flexible plot features, such as customized plotting fea-
tures provided by MATLAB. The plots or graphs can be
electronically stored in the patient files.

[0164] FIGS. 26B, 27B, and 28B are screen captures of
exemplary interactive border/line drawing tools (with the thin
(drawn) boundary(ies) in red) according to embodiments of
the present invention. FIGS. 26A, 27A and 28A show the
respective screen captures in black and white with the line
thickness increased and intensity of dots enhanced using
Microsoft® Paint for ease of viewing/reproduction. FIGS.
26-28 are mid short-axis views with intensity variations in the
left ventricle. FIGS. 26A, 26B illustrates a screen shot with a
“freehand” drawing tool selected and used to draw a bound-
ary line in a region of interest. FIGS. 27A, 27B illustrates a
“spline” tool selected with the dots on the boundary repre-
senting the adjustable spline drawing tool. FIG. 28A, 28B
illustrate a “spoke” tool selected and two boundary lines
drawn in the image (an inner perimeter and outer perimeter
boundary line). The image can be segmented in a number of
ways, shown as segmented into 6 compartments (drawn by
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the lighter or white line (FIG. 28A) or yellow line (FIG. 28B)
dividing the region of interest shown). The number of com-
partments can be adjusted to include greater or lesser com-
partments (i.e., 4-12 or less or even more) or set to a standard
model such as that shown in FIG. 13 (i.e, an apical view can
include 4 segments). The compartments can be drawn to be
equally divide the region of interest or to include unequal
divisions of a region of interest.

[0165] FIGS.29A-29C are schematic illustrations of exem-
plary different GUI input formats that can be used to draw or
trace boundaries in a medical image according to embodi-
ments of the present invention. FIG. 29A illustrates a display
730" with a user input with a pull down trace menu of shapes
731 that can be selected then electronically placed about
features in a region of interest. The shape can be resized and
shaped using different editing tools. FIG. 29B illustrates a
display 730" with a menu 731 for freehand or manual drawing
of a boundary or line. Editing tools for draw/retrace, back
(typically incrementally back), redo/erase can also be pro-
vided as shown. FIG. 29C illustrates a display 730" with a
menu 731 of tools including points that can be positioned
about the target region, including a draw button that can be
used to connect the points to define the border, and the like.
Draw, redraw and “point” anchor inputs may be provided as
well. The editing tools can be via menu, or toolbars, or manual
tracing and may also employ mouse or keyboard input.

[0166] FIG.30isaschematic illustration ofa cardiotoxicity
evaluation system 748 according to embodiments of the
present invention. As shown, the system 748 is in communi-
cation with a workstation 20. The system 748 includes a
patient data file server 750 that has patient image data files
that include three-dimensional coordinates of voxel data in
regions of interest in the image. The region of interest files
751 may be held or stored as a subset of separate electronic
files or folders 751 or may be integrated into the master image
voxel files of the patients. The patient files may be on one or
more servers. The system 748 also includes an automated
graphical display module 765 that can generate a color-coded
standardized segment model of the heart using patient voxel
data. The system 748 may also include a cardiotoxicity evalu-
ation module 760 that can employ data from at least one
histogram of voxel intensity data. The system 748 can also
include a user-guided boundary tracing tool module 755 that
can accept user input to electronically draw at least one
boundary that electronically associates voxel data to a region
of interest within the drawn boundary.

[0167] FIG. 31 is a flow chart of a process that can be used
to extract left ventricle voxel data according to some particu-
lar embodiments of the present invention. Images associated
with a patient can be selected and loaded onto a workstation
(for display at the workstation) (block 770). The defined
boundaries in the images can be electronically saved (block
771) such as to a server, disk or other suitable device or
medium. The interior voxels inthe LV can be extracted as well
as the voxels in air (for the noise calculation/adjustment)
(block 775). The extracted voxel data can be electronically
saved as noted for the boundaries (block 776). Histograms of
LV and air regions can be plotted as well as a difference
histogram (block 780). The histograms can be electronically
stored as noted above (block 781).

[0168] The invention will now be described in more detail
in the following non-limiting examples.
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Examples

[0169] As briefly mentioned above, conventionally, identi-
fication of myocellular necrosis in patients with an ischemic
cardiomyopathy has been performed by locating the voxels
with a signal intensity >2 standard deviations above the back-
ground intensity within non-enhanced LV myocardium. The
amount of necrosis is quantified by determining the transmu-
ral extent of hyperenhancement expressed as a ratio of the
number of high intensity pixels extending linearly from the
endocardial to the epicardial surface relative to the total dis-
tance from the endocardium to epicardium. Since myocardial
necrosis proceeds in a wavefront from the endocardial to
epicardial surface in the setting of reduced coronary arterial
blood flow, this method is useful for assessing the amount of
necrosis after myocardial infarction.

[0170] However, this method may not be as well suited for
aprocess that causes necrosis to susceptible tissue throughout
the LV myocardium in a randomly distributed pattern (e.g. a
global injury). To overcome this limitation, voxels, and in
some embodiments all the voxels, within three short axis slice
positions (apex, middle, and base) within the LV may be
sampled and the intensity and X, y, and z coordinates of each
voxel identified in 3-dimensional space (FIG. 6). FIG. 6is a
3-Dimensional depiction of 3 short axis (basal, middle, and
apical) planes of the left ventricle. In each plane, the grid of
small boxes on the face of each slice demarcate the voxels.
During analysis, the image intensity of each voxel and the x,
y, and z coordinates are recorded. In this way, high intensity
pixels identified with the delayed enhancement technique
associated with a randomly distributed process causing myo-
cellular necrosis (white splotches on images) can be charac-
terized.

[0171] Correction for variations in the intensity of voxels in
the images may also be identified by determining the intensity
of voxels within a target region, typically, a 1 cm diameter
circular ROI placed outside the heart. For each apical, middle,
and basal slice, the number of pixels at a given intensity may
be determined and the intensity from the ROI external to the
heart subtracted from the pixels. In certain embodiments, for
each slice, the mean intensity of all voxels and the peak voxel
intensity in the highest 40% of the distribution may be deter-
mined (FIG. 6). In this way, regions of high intensity pixels
may be identified relative to their location within the left
ventricle.

[0172] FIG. 7 shows exemplary delayed enhancement MR
images (top panels) in a middle short axis view of the LV. The
myocardium is gray and the blood pool is white. The number
(v-axis) and intensity (x-axis) of voxels within the ROI (dark-
line) 20 minutes after contrast administration are displayed in
the bottom panels. The contrast is taken up by all myocytes,
but 20 minutes after administration, it is not cleared from
necrotic cells. As shown, the mean intensity of contrast
uptake is low in the healthy normal patient (far left) and
highest in the patient with an infarct (third from left). An
intermediate mean intensity is displayed on the histogram
associated with the doxorubicin cardiomyopathy patient (sec-
ond from left).

[0173] To determine the utility of MRI assessments of the
location and magnitude of gadolinium contrast uptake 20
minutes after intravenous administration, a cross-sectional
study in 4 groups of age (range 35 to 50 years) and gender
matched participants was performed. These included:
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[0174] a) (Group I): 4 subjects (1M,3F) without medical
illness, taking no cardiac medications, and with normal
LV systolic and diastolic function by MRI,

[0175] b) (Group 1I): 3 patients (3F) without coronary
arterial luminal narrowings on contrast coronary
angiography but with poor LV ejection fraction (<35%)
and congestive heart failure secondary to doxorubicin
administration,

[0176] c) (Group IIT): 3 patients (2M,1F) without coro-
nary arterial luminal narrowings on contrast coronary
angiography and with poor LV ejection fraction (<35%)
and congestive heart failure secondary to an idiopathic
dilated cardiomyopathy, and

[0177] d) (Group IV): 3 patients (2M,1F) with LV dys-
function secondary to an ischemic cardiomyopathy and
prior ST-segment elevation myocardial infarction.

[0178] A middle short axis image and the distribution of
intensities of voxels within the image from one subject in
each group is, displayed in FIG. 7, and the distributions of
voxel intensities within all of the slices from all of the par-
ticipants are displayed in FIG. 8.

[0179] FIG. 8 shows the percentage (y-axis) and intensity
(x-axis) of voxels within ROIs from all participants in the
cross-sectional sampling of subjects 20 minutes after contrast
administration. As displayed in FIG. 7, an increased percent-
age of intensities in the 15 to 30 percent range are displayed
in patients with cardiomyopathy due to chemotherapy admin-
istration compared to normal age matched controls. This pat-
tern of intensities appears different from that seen in patients
with an ischemic cardiomyopathy.

[0180] To determine the relationship between the pattern of
high intensity pixels within each slice of the left ventricle, an
auto-correlation statistic was used. The serial auto-correla-
tion measure (I) is defined as follows. If 8, is a weighting
function of the distance between pixels i and j, n be the
number of pixels, and x, be the intensity for the i” pixel, then

Z o - E)x - F) Equation (4)
7

I=n

(Zos)(z e -%7)

wherein I is a measure of serial autocorrelation and is higher
when adjacent pixels are both higher or lower than the mean
(Ripley, 1981). In practice, the expression 3, =exp(-"2d(x X))
has been used, where d(x,x,) is the Fuclidian distance
between points x, and x,.

[0181] Using this form of analysis a high value indicates
pattern clustering within the ROI, and a low value is more
indicative of a random association. As shown in FIG. 9, the
heightened signal intensities associated with MI were tightly
clustered in the infarct zone, whereas those associated with
doxorubicin toxicity were scattered throughout the LV. The
pattern of contrast uptake within the LV in patients with
cardiomyopathy secondary to doxorubicin administration
was random and significantly different (p<<0.001) from the
pattern of high signal intensity voxels associated with myo-
cardial necrosis secondary to myocardial infarction.

[0182] To determine if contrast enhancement is associated
with a fall in LVEF in individuals receiving chemotherapy, a
baseline MRI examination was performed in patients prior to
initiation of chemotherapy, then additional MRI examina-
tions were performed according to the research study proto-
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col. Echocardiography exams were also performed to moni-
tor patient left ventricular function between MRI
examinations. One subject had developed dyspnea and
received an echocardiogram to determine LVEF. The subject
had a fall in LVEF from 55% to 48%. This individual under-
went MRI testing and image analysis. The image analysis of
this subject was compared to one other subject who had not
developed a drop in LVEF during course of chemotherapy
regimen. Images and the voxel intensities in the middle short
axis view from the patients are displayed in FIG. 10.

[0183] FIG. 10 illustrates images and mean voxel intensi-
ties at two time points in two separate patients while receiving
chemotherapy, one of which developed dyspnea during the
course of chemotherapy. Pre-treatment images in both
patients are displayed on the left and post-treatment images
are displayed on the right. Mean voxel intensities for the ROI
within the image are displayed under the image. In patient 1
that developed a fall in LVEF (Top panels), heightened con-
trast uptake and signal intensity occurred in the second exam
after receipt of 400 mg/m?” of anthracyclines for treatment of
breast cancer. In the second patient (Bottom panels), no fall in
LVEF occurred and the uptake pattern showed no significant
change. As shown, in the individual with a fall in LVEF, there
was a significant increase in the intensity of voxels within the
LV in the second exam compared to the first, whereas in the
individual without a fall in LVEF, there was no marked
change on the second exam.

[0184] To determine the variance of MR1 delayed enhance-
ment voxel intensities over time in participants without a
substantive change in their medical condition, four individu-
als were studied twice after contrast administration over a two
week period. Images from one of the participants are shown in
FIG. 11, and data from both sample points in all four indi-
viduals is shown in Table 1.

TABLE 1

In four participants, MRI intensity (mean = standard
deviation) and LVEE.

Day 1 Day 21
LVEF 0.67 +0.04 0.64 +0.04 p=NS
Mean intensity 6.64 + 1.15 6.60 £0.96 p=NS

[0185] FIG. 11 illustrates middle left ventricular short axis
views acquired 21 days apart in an individual without a
change in their condition. Note the near exact replication of
the slice position on the second acquisition using software
discussed elsewhere herein. Twenty minutes after contrast
administration, the signal intensity within the ROIs was not
significantly different (5.8 vs. 6.1 (p=NS)). MRI examina-
tions with this technique may be acquired reproducibly over
time.

[0186] There was little change in the uptake patterns of
contrast in the subjects between the first and second exam,
and for the four individuals measured at two points in time,
the correlation between the 2 measurements was excellent
(y=0.87x+1.2, R*=0.96).

[0187] Based on the above data, it appears that delayed
enhancement MRI uptake patterns of contrast are elevated in
patients with cardiomyopathy secondary to chemotherapy
induced cardiotoxicity compared to age and gender matched
control subjects. The pattern of this contrast uptake is diffuse
and randomly distributed throughout the left ventricle in a
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fashion that is distinctly different from myocellular injury
observed in patients sustaining a myocardial infarction. In the
project involving two patients receiving chemotherapy,
heightened contrast uptake occurred coincident with a fall in
LVEF in one, but not the other that did not develop a fall in
LVEF. Such a methodology and analysis methods may be
highly reproducible and exhibit low intraobserver variability.
[0188] To further illustrate the utility of CMR assessments
of the LV (to predict a future drop in LVEF), the location and
magnitude of gadolinium contrast uptake 20 minutes after
intravenous administration were assessed in a cross-sectional
study of three groups of age (range 35-50) and gender
matched participants. The participants included healthy sub-
jects (Group 1, n=4), patients with cardiomyopathy due to
chemotherapy (Group II, n=3), and patients sustaining a prior
myocardial infarction (Group II1, n=3). A middle short axis
image and the distribution of LV myocardial voxel intensities
within the image from one subject in each group is shown in
FIG. 15. Aggregate data are displayed in FIG. 16 in which the
voxel intensities for the three slice positions of the left ven-
tricle (apex, middle, and basal slice) demonstrate a similar
pattern of signal intensities as shown, for example, in the
middle pane of FIG. 16.

[0189] FIG. 15 shows delayed enhancement CMR images
(top panels) in a middle short axis view of the left ventricle.
The left image is of healthy/normal tissue, the center image is
from a patient with doxorubicin cardiomyopathy, and the
right image is from a patient with an infarct. In the images, the
myocardium is gray and the blood pool is white. Beneath the
images, histograms plotting the number (y-axis) and intensity
(x-axis) of voxels within the region of interest (corresponding
to regions in the lines on the respective images) on the cardiac
tissue shown on the upper panels delineating the LV myocar-
dium about 20 minutes after contrast administration are dis-
played. The contrast is taken up by all myocytes, but at about
20 minutes after administration; it is not cleared from abnor-
mal tissue. As shown by the arrows on the histogram, high
intensity voxels are noted in the patient with doxorubicin
injury and prior myocardial infarction compared to healthy
“normal” patient.

[0190] FIG. 16 illustrates aggregate histograms displaying
percentage (y-axis) and intensity (x-axis) of voxels within
regions of interest from a series of patients about 20 minutes
after contrast administration. As displayed in FIG. 16, an
increased percentage of intensities (dark arrows) are observed
in patients with cardiomyopathy (labeled “Adria” in FIG. 16)
due to doxorubicin administration as compared to normal age
matched controls. Very high intensity voxels (lighter color or
gray arrows in the mid panel histograms of FIG. 16) are noted
in the slices from patients with prior myocardial infarction
(M) as compared to “normal” and “Adria” histograms.
[0191] As discussed above with respect to FIG. 9, the rela-
tionship between the pattern of high intensity voxels within
each slice of the left ventricle was determined using correla-
tion statistics (autocorrelation statistics). See, e.g., B. D. Rip-
ley, Spatial Statistics, Wiley: NY, 1981. Using this form of
analysis, a high number (the higher the autocorrelation coef-
ficient) indicates pattern clustering of the high signal intensi-
ties within the region of interest, and a low number is more
indicative of a random association.

[0192] As shown in the graph of FIG. 17, the pattern of
contrast uptake within the left ventricle in patients with car-
diomyopathy secondary to doxorubicin administration was
random and significantly different (p<0.001) from the pattern
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of high signal intensity voxels associated with myocardial
necrosis secondary to myocardial infarction. In addition, the
pattern of high signal intensity voxels was in a distribution
similar to the random pattern found in the normal individuals
without myocardial injury. The serial autocorrelation mea-
sure (1) is as was discussed above with respect to FIG. 9 and
Equation (4). As shown in FIG. 17, the heightened signal
intensities associated with myocardial infarction were tightly
clustered in the infarct zone, whereas those associated with
doxorubicin toxicity were scattered throughout the left ven-
tricle.

[0193] To determine if contrast enhancement is associated
with a decrease in LVEF in individuals receiving doxorubicin
for breast cancer, a baseline CMR exam was obtained in eight
patients prior to and during receipt of 2-4 months of chemo-
therapy. One subject died before completing the protocol.
Data from the remaining seven (7) subjects is shown in FIG.
18. Table 2 provides additional data regarding the time course
of mean signal intensity from these patients.

[0194] FIG. 18 illustrates plots displaying the mean pixel
intensities of the LV myocardium in a short axis plane before
and after receipt of chemotherapy in 4 subjects without a
change in LVEF (left plot) and 3 subjects that developed a
decrease in LVEF (right plot). During the study, individuals
receiving chemotherapy were studied at 1 month, and 2-4
months after receiving chemotherapy. All subjects received
doxorubicin and cytoxan in this study. Among participants
that dropped and did not drop in UVEF, there was an equiva-
lent distribution of participants receiving HERCEPTIN®,
paclitaxel and 5-fluorouracil. As shown in FIG. 18, the indi-
viduals without a fall in LVEF had no substantive increase in
their mean voxel intensity during receipt of breast cancer
chemotherapy. However, individuals that developed a fall in
LVEF developed a substantive increase in signal intensity on
the later examinations. In participants with a drop versus
those without a LVEF drop, there was a significant difference
in the change in mean voxel intensity using a 2 sample t-test.
The standard deviation of the mean voxel intensities over the
course of the study for the four subjects without a change in
LVEF was 0.64, similar to the reproducibility discussed with
respect to FIG. 19 below. Table 2 provides additional data
regarding the time course of contrasts intensity relative to
LVEF decrement.

TABLE 2

Mean Intensity and LVEF in patients receiving chemotherapy

Baseline Baseline 1 Month 2-4 Months
Patient 1 MRI 6.4 8.8 8.1
LVEF 0.64 0.68 0.48
Patient 2 MRI 6.8 8.1 8.51
LVEF 0.61 0.59 0.46
Patient 3 MRI 5.9 7.8 Begun on ACE
LVEF 0.61 0.47

[0195] Inthe three subjects, the mean signal intensity of the
voxels within the myocardium changed. Data was taken from
these subjects before (baseline), then after receiving a che-
motherapy regimen containing doxorubicin. In one indi-
vidual (patient #3), the LVEF rapidly decreased at the first
exam concomitant with an increase in signal intensity. In the
other individuals (patient #1, patient #2), there was an
increase in mean signal intensity that preceded the decrement
in LVEF by about 4-8 weeks. This human subject data sug-
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gests that there is an increase in contrast uptake prior to
decrement of LVEF in human subjects that develop car-
diotoxicity from chemotherapy.

[0196] To determine the reproducibility of CMR delayed
enhancement voxel intensities over time in patients without a
substantive change in their medical condition, four individu-
als were studied after contrast administration over about a
2-week period. Images were analyzed in an unpaired, blinded
fashion; the correlation between the two measurements was
excellent (y=0.87x+1.2, R*=0.96). To determine the repro-
ducibility of the analysis technique, ROIs were drawn twice
on middle short axis images of the LV in a blinded fashion
separated by a 2-month time interval. The mean intensity of
the voxels was 6.38+/—0.67 on the first series of drawings and
6.35+/- onthe second series. The correlation between the two
measures of intensity analyzed on the same image set was
excellent (y=1.01x-0.1, R2=0.99). A representative short
axis slice from a participant in the reproducibility study is
shown in FIG. 19.

[0197] FIG. 19 illustrates middle left ventricular short axis
image views acquired 18 days apart in a normal individual
without a (known) change in their medical condition. The
anterior chest is noted at the top of the images. In the center of
the images, the LV myocardium is gray and the blood pool
within the left and right ventricular cavities is generally white
(or much lighter than the myocardium). Note the near exact
replication of the slice position on the second acquisition
using physician interactive tools that allows the physician to
draw frechand, or with software GUI tools, the endo- and
epi-cardial boundaries of the LV myocardium, and that can
also allow a physician to define a region of interest for the
background noise in the air as discussed above. About twenty
minutes after contrast administration, data corresponding to
the signal intensity of the voxels within the LV myocardium
can be acquired as shown in the graphs beneath the images
shown in FIG. 19. The signal data can be acquired, displayed,
and/or stored for future or substantially concurrent (real-
time) evaluation. The mean intensities (displayed beneath the
graphs) were not significantly different (5.8+/-0.3 versus
6.1+/-0.3; p=NS) from one another and were highly corre-
lated.

[0198] The foregoing is illustrative of the present invention
and is not to be construed as limiting thereof. Although a few
exemplary embodiments of this invention have been
described, those skilled in the art will readily appreciate that
many modifications are possible in the exemplary embodi-
ments without materially departing from the novel teachings
and advantages of this invention. Accordingly, all such modi-
fications are intended to be included within the scope of this
invention as defined in the claims.

That which is claimed is:
1. A system, comprising:
a circuit for generating a 3-D image of cardiac tissue using
X, ¥, Z coordinates of voxels obtained from cardiac Mag-
netic Resonance (¢cMR) images of a patient and an asso-
ciated measure of one or more voxel characteristic of a
respective voxel; and
a workstation with a display in communication with or
including the circuit for presenting the generated image.
2. The system of claim 1, wherein the circuit is configured
to electronically distinguish cardiac injury associated with
myocardial infarct from cardiac injury associated with car-
diotoxicity.
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3. The system of claim 1, wherein the circuit is configured
to generate the 3-D imageto illustrate a global injury, wherein
the global injury is a change in tissue composition and/or
function that is not visually detectable in the patient cMR
images or that is in a substantially randomly distributed pat-
tern in the target tissue.

4. The system of claim 1, wherein the one or more voxel
characteristic comprises intensity, and wherein the 3-D image
is presented in color-scale.

5. The system of claim 3, wherein the circuit is configured
to generate the 3-D image to illustrate a cardiotoxicity-in-
duced global cardiac injury.

6. The system of claim 5, wherein the cardiotoxicity-in-
duced global injury is based on one or more of a radiation-
induced injury or a chemotoxicity-induced injury.

7. The system of claim 3, wherein the circuit is configured
to generate the 3-D image to illustrate whether the patient has
a global cardiac injury that is associated with at least one of
the following: trauma, a disease state, viral, staph or bacterial
infections, toxins or aging.

8. The system of claim 1, wherein the circuit is configured
to generate the 3-D image to illustrate whether the patient has
a global cardiac injury that is associated with viral cardiomy-
opathy, alcoholic cardiomyopathy, postpartum cardiomyopa-
thy, idiopathic dilated cardiomyopathy or fibrosis.

I I T T
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