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FIG.1

augmenting the ability to analyze perfusion images acquired from a radiology
imaging modality through the use of the quantification technology as de-
scribed. Classitication of perfusion characteristics of a region of interest is fa-
cilitated through the use of a quantitative spatial perfusion characteristics
map. The map is generated by a computing device which applies at least one
physics-based image processing technique. This map is displayed on a clini-
cian device for review by the clinician to assist in the spatial identification of
pertusion abnormalities.
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FIGURE 1 illustrates an overview of the process for assisting a clinician in

identification of perfusion charactenistics of an organ,

FIGURE 2 illustrates an overview of the system for assisting a clinician in

identification of perfusion characteristics of an organ.

FIGURE 3 illustrates a visual representation of observed pe ke curves of

contrast agent in a patient compared to expected normal perfusion uptake curves.

FIGURE 4A illustrates a visual ropresentation resulting from the application of the
analytical ditfusion parameter-based pixel or voxel ranking model and a user defined
physics based diffusion parameter threshold to perfusion characterization in the jeft
ventricular myocardium; in addition, a standardized American Heart Association model

polar plot is superimposed as an aid for interpretation of the visual representation.

FIGURE 4B shows au observed perfusion uptake curve it of tiroe to signal intensity

by applying the analytical diffusion parameter-based pixel or voxel ranking model.

DETAILED DESCRIPTION

A physics-based image processing technique and an cvaluation process for diagnosis of
perfusion abnormalities in non-invasively imaged tissue, for example in left ventricular
myocardial ischemia, using radiology imaging is disclosed. Patient specific time series
images of a tissue undergoing perfusion, for example first-pass perfusion CMR images,
arc analyzed for perfusion characteristics and displayed as perfusion characteristic
maps of tssue at risk of iropending death. To the case of cardiac tissue, paticut-specific
perfusion information may be correlated against myocardial function (i.c., wall motion
and wall thickening) information in order to confirm suspicion of myocardial infarction

or myocardial ischemia,

As described herein, this quantification technology may be used to extend a

cardiologist’s clinical diagnosis capabilities by assisting him or her with the
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identification of carly signs of heart disease long before a patient experiences a
myocardial wmfarction or a heart attack by augmenting the ability to analyze cardiac
perfusion images acquired from radiology imaging modalities. 1t further presents a
non-invasive pre-screening tost with a high negative predictive value in order to be the
gate-keeper to an invasive examination or interventional surgery for palliation of the
condition causing the perfusion abnormality. In one example a {irst-pass perfusion
CMR based analysis may be a gate-keeper to the invasive catheterization exar for
identification and interventional correction of coronary blockages that cause ischemia
ot infarct formation, therefore reducing numbers of incidents of the significant
unnecessary invasive procedures that have negative results (see Patel MR et al., Low
diagnostic yvield of elective coronary angiography. N Engl J Med. 2010 Mar

11:362(10):886-95, Erratum in: N Engl J Med. 2010 Jul 29;363(53:498).

The process and system as described herein are performed by the computing device
which has been programmed to process the steps as described below. The clinician
device displays the visual represeutations generated by the computing device and these
visual representations assist with spatial identification of perfusion abnormalities, The
chimician device may be local or remote with respect to the location of the computing

device.

In an embodiment, the computing device may be deployed in a local environment. Ina
related embodiment, the computing device may be the sarme device as the clhinician
device. In vet another related embodiment, the computing device may be a different

device from the clinictan device.

In another embodiment, the computing device may be deployed in a cloud computing
environment. An example of a cloud computing environment 1s a Software as a Service
{SaaS} environment. The computing device is located remotely from the clinician
device. Because of the multi-tenant capability of the cloud computing environment, a

plurality of clinician devices may access the computing device.
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clinician device 238, The storage means may inchude content therein such as a database

and a computer program.

The process and system as disclosed in the embodiments above may use standard
algorithms such as, for example, a region growing algorithm or a shape detection

algorithm for segmentation of regions of interest.

While the process and system as disclosed herein are in connection with CMR, those
skilled n the art will know that these processing steps roay be applied for perfusion
characteristic mapping of other imaging modalities such as, without limitation,
ultrasound, SPECT and DSE for cardiac tmaging, as well as other imaging modalitics
suited for acquiring time-series image perfusion sequences for biological tissue such as,

tor example, organs.

1. Acguisition and Pre-processing Stens for Perfusion Analvsis

In an emabodivaent, the first step 1s the acquasition of a contrast enhanced first-pass
perfusion sequence (as represented by reference numeral 119 of Figure 1) comprising a
plarality of two-~-dimensional image shices and a time senies for cach of said two-
dimensional image slices by using a radiology imaging modality 218, for example,
CMR, for contrast-cnhanced perfusion imaging of said organ, wherein said plurality of
two-dimensional image slices comprises a three-dimensional volume image. The
acquired image sequence is such that the imaged organ n cach time frame of the
perfusion sequence does not change in shape but only changes its signal intensity over
the time-series, such that the signal intensity for a particular pixel or voxel is
proportionate to the perfusion fu the tissue in the region of interest. As used heren, the

pixel has two dimensions {2D} and the voxel has three dimensions {3D),

o a related embodiment, the second step {(as represented by reference numeral 126 of
Figure 1} 1s the retrieval of the contrast enhanced first-pass perfusion sequence from the

radiclogy imaging modality 216 such as, for example, CMR, using a computing device
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228. The computing device 228 includes network connectivity to enable the retrieval

of the image data from the radiology imaging modahity 216,

In a related erabodiment, the third step (as represented by reference numeral 138 of
Figure 1} is the application of in-plane motion correction to align position of the
imaged organ, for example the heart, using the time series for each of image shices in
the perfusion image sequence using the coraputing device 228, The left ventricular
myocardium is seen as a donut in each frame of the two dimensional short axis slice of
the perfusion image sequence.  Due to respiratory artifacts which may result from the
patient’s breathing, a motion correction pre-processing step is performed by the
computing device 228 which applies a standard algorithm, as is known n the art, for
rigid translation plus rotation of the images so that the tmages of the patient’s heart are
aligned. This is achieved by applying in-planc motion correction to the organ as
depicted at each spatial slice location, using a standard algorithm on the computing
device 228 for alignment of said organ in cach frame of said time-series of contrast-

enhanced two~dimensional perfusion images.

In a related erobodiment, the fourth step 1s that the coraputing device 2208 crops a region
of interest (as represented by reference numeral 148 of Figure 1. In particular, the
computing device 220 performs a cropping operation by spatially reducing the volume
represented by the series CMR 1mages of the first-pass perfusion sequence, identically
i cach time-frame of the time-series, down to a smaller interrogation window showing
only the organ of interest, for the purpose of creating smaller and more tractable image
data for the next processing operations. In particular, this step {(as represented by
reference vumeral 148 of Figure 1) involves a computing device 220 cropping a region
of interest (i.¢., a first region of interest) of said contrast-enhanced perfusion images,
wheretn said first region of interest comprises a first plurality of two dirnensional pixels
in each slice or three dimensional voxels in the volume image which represents an
organ region {1.¢., constituted by the plurality of slices that represents the organ at cach

time-frame).

i3
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In a related embodiment, the fifth step is that the computing device 228 performs the
following operations on the image data in order 1o segmeut out an additional region of
interest {as represented by reference numeral 150 of Figure 1) comprising the region of
wterest within which perfusion characteristics are required to be analyzed. Fach
region of interest is a phurality of pixels or voxels which is obtained by applying a
standard segmentation algorithim such as a region growing algorithin or a shape
detection algorithm, which effectively masks out tissue that is not required 1o be

analyzed and isolates the tissue region for perfusion analysis.

In one example, the detection of the left ventricular (LV} myocardinm from short-axis
image shices of the heart may be achieved automatically by a sequence of steps
operating on an image volume constituted by two-dimensional slice images at a single
tirae frame, that together amounts to shape detection, may be achieved as follows: a)
automatically detecting the LV mvocardium midline for each image slice in the
perfusion sequence by applying a standard line-thinning algorithm, known in the art,
operating on a binary thresholded version of the image data , b) identifying the centroid
and radius of the LV myocardium mid-line by using a Circular Hough Transform that
tteratively operates on each resulting pixel point or voxel from the LV myocardium
midline, ¢} using a canny edge detection algorithm to mark the endocardium (inner
myocardial wall) and epicardiurn {outer myocardial wall) of the LV myocardium and
subsequently calculating the average distance between the centroid and the
circumferential points for cach cardiac perfusion MRI slice in order to wdentify the
mean LV myocardial wall thickness, and d) scaling the detected LV myocardial nud-
line from the detected centroid, using the identified wall thickness information in the
previous step, in order to demarcate the endocardium using a circnlar shape
approximation, with set radial tolerance limits to linut the inclusion of pixel data or
voxel data from outside the LV myocardium into the region of interest in cach unage

slice.

In a related embodiment, the sixth step is to subdivide the region of interest from step

tive wnto arbitrarily shaped subregions of mnterest (1.¢., additional regions of interest)

i4
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within which signal intensity data is evaluated as an average intensities of pixels or
voxels. In one exanple, for the LV myocardiom as seen ju short-axis image shices of
the heart, the sub-region of interest comprises of several radial sectors identified ina
regular clockwise or anticlockwise fashion from the identified centroid location. As per
American Heart Association (AHA) convention, the LV myocardinm as seen in the
mid-ventricular slice level may be subdivided mto six radial sectors of 60° cach starting

with the anterior wnterveniricular septum,

2. Perfusion Analvsis

In an embodiment, the first step in the perfusion analysis is preliminary perfusion
guantification. A computing device 228 perforras the preliminary perfusion
quantification by determining an average of signal intensities for pixels or voxels in
cach of the six radial sectors of the LV myocardium or other additional regions of
interest {as described previously in the section for describing the acquisition and pre-
processing steps for perfusion analysis). In this manner, perfusion rise curves are
calculated by the computing device 228 based upon the observed perfusion uptake
curves of the contrast agent as determined by the relative signal intensity over time for
each slice in the perfusion sequence. The computing device 226 then displays a visaal
representation of the observed perfusion uptake curves in the six radial sectors for cach
slice in the perfusion sequence, Figure 3 shows a physics based classification of
perfusion data: (baseline myocardial intensity subtracted). In particular, Figure 3
depicts a comparison of the observed perfusion uptake curves in the six radial 60°
sectors for each slice in the perfusion sequence against expected normal perfusion
uptake curves computed by applying physics-based image processing technique for
perfusion, vamely a patient-specific numerical advection-diffusion blood transport
model. (Figure 3 shows a legend which depicts the myocardium sectors, namely, the
additional region of interest (i.e., as represented by radial 60° sectors of the left
ventricular myocardium.}) As also shown in Figure 3, along the y axis, normalized and
zero shifted mean myocardial signal intensity i plane 1s plotted against the number of
frames in the perfusion sequence along the “x” axis. As described by the legend and as

shown by the plotted Hues, Figure 3 shows extracted data points which reflect the
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observed perfusion uptake curves, expected normal perfusion uptake curves {(i.e., the
fitted physics model predicted curves for a range of perfusion distances), and a sphine
curve fit of the expected normal perfusion uptake curves to the observed perfusion
uptake curves. As shown in Figure 3, antomatic shape detection is shown of left
ventricular myocardium using a circular shape approximation for the endocardial and

epicardial LV walls 1n a two-dirnensional short-axis slice of the heart,

In an embodiment, the second step in the perfusion analysis s that the perfusion uptake
curves from the patient’s perfusion data (as described above) is compared against the
perfusion rise curves which are expected based upon the application of the physics-
based image processing technique, namely, the patient-specific numerical advection-
diffusion blood transport model for expected normal perfusion as explained i more

detail below,

In an embodiment, the third step (as represented by reference numeral 166 of Figure 1}
i the perfusion analysis 18 that the six radial sectors of the additional regions of interest
are classified according to whether there are perfusion defects within the LV
myocardiom which may indicate the existence of normal or at-risk tissue (i.¢., ischemic
tissue} using an analytical curve fitting technique. This is explained in more detail
below o the section describing the analytical diffusion parameter-based pixel or voxel

ranking model section.

I an embodiment, the fourth step in the perfusion analysis is that the regions of poor
perfusion uptake (as determined n the previous step) are analyzed at the pixel level or
voxel level for a region of interest by the computing device 228 upon application of the
residence time index model as described in more detail in the section below. {This is

also represented by reference numeral 186 of Figure 1.)

As an example, Figure 4A illustrates a visual representation resulting from the
application of the analytical diffusion parameter-based pixel or voxel ranking mode] for

the sarnc short axis slice as shown on a computing device 226; the standardized
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American Heart Association polar plot is superimposed over the visual representation
as an aid in interpretation. To the right of the visual representation is a bar which
represents a user-defined threshold for the diffusion parameter which 1s defined by a
numerical value beyond which the tissuc is considered to be at-risk. Based upon this
user-defined threshold, perfusion abnormality is depicted on the polar plot given the
threshold. As shown in the example of Figure 4A, perfusion abnormality 1s primarily
depicted 1 region nurbers 4, S, 6, 10, 11, 12, 15, 16. Regions with ngh diffusion
parameter indices (as shown by darkly shaded regions in Figure 4A} are considered

ischemic,

Each of the physics-based image processing technigues is explained i more detail in
the following sections. These physics-based image processing techniques are used in
classifying the perfusion characteristics of the additional region or additional regions of
interest by characterizing a plurality of observed perfusion uptake curves for the
additional region(s) of interest by applying at least one physics-based image processing
technigue (as represented by reference vurneral 168 of Figure 1) for producing at least
one perfusion characteristics map of the perfusion characteristics using user-defined or
defanlt criteria. The perfusion charactleristics map displays regious of at-risk and
normal perfusion tissue. The computing device 22¢ displays the perfusion
characteristics map and this map 1s displayed on the clhinician device 230 (as

represented by reference numeral 170 of Figure 1)

a. Numerical approach - patient-specific npumerical advection-difTusion blood

transport model for expected normal perfusion

The {irst physics based perfusion characterization technigue is one that nvolves the
comparison of observed perfusion uptake curves against cxpected normal perfusion
uptake curves describing expected normal perfusion uptake. The expected normal
perfusion uptake curves result from the application of this patient-specific numerical
advection-diffusion blood transport model for expected normal perfusion. Therefore, &
1D spatial model for normal myocardial perfusion over time, namely, a patient-specific

numerical advection-diffusion blood transport model for expected normal perfusion in

[
~3
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the heart, 1s described in this section,  This model uses a normalized patient specific
physiological cardiac output flow wavelorm obtained by assurming proportionality to
extracted wall thickening data measured from cine CMR image sequences of the
patient’s heart. This wavetorm estimates input transient advection velocity of the
contrast agent, u, tn equation {1} which is the advection-diffusion partial differential
transport equation employed to model blood perfusion. The computing device 220 uscs
the numerical solution to a one dimensioual (1D) spatial version of the advection-
diffusion transport equation in order to determine the temporal change in contrast agent
ntensity, C, which is proportionate to the coutrast agent uptake, and therefore geuerate
expected normal perfusion uptake curves at different spatial locations downstream from
the starting location of the modeled 1D space (1., x=0} symbolic of the left ventricular
blood pool, assuming an initial (i.c., at time, t = 0) contrast agent spatial distribution at
this location. In onc exaruple, the mitial contrast agent spatial distribution in the 1D

spatial dimension is modeled by equation (2},

The advection and diffusion of contrast agent intensity, C{ x, t ), fromthe LV
myocardium blood pool to the myocardium is simulated using a transient 1D} transport
maodel that represents the transport of an initial concentration of contrast agent, Tyl %, ¢
= {(} }, from blood pool to myocardium via the coronary arteries, as a 1D distance, x. The
transport model has two parameter inputs; 1) characteristic diffusion cocfficient, D, (as
used herein, references to “diffusion parameter” is synonymous with characteristic
diffusion coeflicient} and 2} advection velocity, u, and is defined by the following

equation {which is referred to herein as also a 1D heat diffusion equation}:

%-fgi = DV2C — V. (ul) (1)

As discussed above, the patient-specific numerical advection-diffusion blood transport
model for expected normal perfusion estimates the input transient advection velocity
using averaged and normalized patient-specific physiclogical waveforms obtained from
the extracted wall thickening data (as described previously) measured from cine CMR

scan sequences of the patient’s heart. This is based on the assumption of an inherent

8
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proportionality between wall thickening and the rate of myocardial perfusion fora
normal cardiac muscle. The analytical solution for equation (1} exists for a coustant
advection velocity, as a boundary valae problem, given initial conditions, namely, the
wnitial concentration of the contrast agent (.e., C(x, t=0}). However, in the case of the
heart, pulsatile cardiac output conditions render the advection velocity as a temporally
varying quantity and the initial infensity is not a point source but a distribution over the
LV blood pool. The latter may be counsidered as distribution of concentration over
the spatial dimensions - 1.¢., over the 1D space a <= x <=b, where a, b are constants
representing the 1D distance along which an initial concentration of contrast agent is
located. The initial distribution of concentration over in the spatial dimension implics a
condition such as the following, tor a small fintte extent of the normalized 1D space,
for example over -1 <x < -0.8,ifa= -1 and b= 1 defines the net extent of the 11 space

as shown by the following equation:

Co(xt=0) =1~ (10(x+1) — 1) (2)

In order to consider pulsatile perfusion in a one dimensional spatial model of
myocardial perfusion over fime, a numerical solution 18 necessary, Constant flux type
spatial boundary conditions are applied after solution initialization, during the
numerical solution process. A numerical solver routine employing an iraplicit fime
integration scheme along with second order finite differencing in space, both as known
in the art, is used in order to solve for the new spatial distribution of contrast agent at
the end of every time step. Other fully muplicit or serui-implicit nurnerical timoe
integration schemes as known in the art may alternately be employed for this solver.
The physics model s made patient specific by iteratively scaling: a) the normalized
advection velocity input waveform in order to match the mean perfusion uptake time of
the paticut-specific numerical advection-ditfusion blood transport model tor expected
normal perfusion to the quantified perfusion uptake from first-pass perfusion CMR
scans {preferably acquired under stress conditions); and b) the characteristic diffusion
coetlicicut, I3, of the patient-specific numerical advection~-diffusion blood transport

model for expected normal perfusion to match the attenuation in pixel-averaged or

19
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voxel-averaged peak perfusate intensity observed in the myocardium at peak uptake
when compared to that in the LV blood pool. Tu order to meet the requirements of the
above criteria, the Peclet number (Pe) was used as a reference to relate D and the mean
value of pulsatile advection velocity, u. For Pe >> 1, diffusion is dominant and the
initial contrast agent distribution spreads out faster than it moves dowustream,
characteristic of pertusion by microvasculature; and for Pe << 1, advection is dominant
and the distribution of countrast agent moves downsirearu faster than it spreads out,
characteristic of perfusion in larger coronary vessels. In this manner, a single model is
used to describe the perfusion conditions for the entire myocardial region by
considering differing distances of perfusate transport along the arbitrary 1D space, in
order to match the quantificd first-pass perfusion uptake curves to the best possible
extent. Model generated expected normal curves at different locations downstream
trom the location of the initial contrast agent spatial distribution arc matched to the
perfusion uptake curves extracted from CMR images. The fall of the perfusion curves
{(1.2., indicated by diminishing signal intensity} in the observed perfusion uptake curves
is wftuenced by recirculation of the contrast agent and hence does vot match the
constant initial spatial distribution driven physics model for contrast agent transport,
Therefore, only perfusion uptake is corapared with observed perfusion uptake carves
from patient images. This analysis is recommended to be performed at level of
myocardial sectors or regions of interest only and not at the pixel-level or voxel-level

due to computational costs of the numerical algorithm.

In an embodiment, the clinician classifies the observed perfusion uptake curves
depicting perfusion characteristics (i.e., based on flow from the LV into the
myocardium) by visually comparing the observed perfusion uptake curves agaiust at
least one expected normal perfusion uptake curve obtained from a physics-based image
processing technigue, namely, the patient-specific numerical advection-diffusion blood
transport model for expected normal perfusion in the organ. In this manner, the
clinician may determine how far the observed perfusion uptake curves are from any one

expected perfusion uptake curve.
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In an alternate embodiment of the second step, the computing device 228 displays the
visual representation of the perfusion characteristics (1.e., a perfusion characleristics
map} of the organ {(as represented by reference numeral 176 of Figure 1}, The visnal
representation 1s a color map of the perfusion characteristics. The color map highlights
the closeness of matching the observed perfusion uptake curves (i.e., based on flow
from the LV mto the myocardium) to at lcast one cxpected normal pertfusion uptake
curve obtained from the physics-based 1mage processing techmque, namely, the
patient-specific numerical advection-diffusion blood transport model for expected
normal perfusion 1o said organ, using at least one standard error estimation method. o
this manner, the clinician may determine how far the observed perfusion uptake curves
arc from any onc expected perfusion uptake curve. An example of one standard error

estimation method is a root-mean-square ervor method.
Figure 3 shows an example of such a visual representation of an observed perfusion
uptake curve of contrast agent in a patient {(i.c., based on flow from the LV into the

myocardium) compared to a expected normal perfusion uptake curve.

b, Analviical approach for quantitative spatial mappine of entive LV

myocardium - Diffusion parameter based pixel or voxel ranking

In an embodiment, using the results from the patient-specific numerical advection-
diffusion blood transport model for expected normal perfusion, myocardial sectors that
are under suspicion of containing ischemic tissue may be investigated at a pixel or a
voxel for a region of interest using the diffusion parameter based pixel or voxel ranking

model described in this section.

In an embodiment, a rogion of interest is class:

defined ditfusion parameter intervals for normal and at-nisk tissue. In another related
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embodiment, a predetermined threshold is comprised of diffusion parameter intervals

for normal and at-risk tissue, as determined based on statistical inferences drawn from

patient data analyzed using the same fitting technique.
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an embodiment, non-linear least-squares curve fitting of a physics-based analytical
expression for the solution to a transport equation describing perfusion by advection
and diffusion of blood for constant advection velocity (i.e., expected normal perfusion
uptake curves) to the perfusion uptake data for observed region{s) of interest (i.e.,
observed pertusion uptake curves) for the region of interest, This siep results ina
characteristic diffusion coefficient, I3, for each observed pixel or voxel for the region of

interest (which may be in two dimensions (2D) or three dimensions (3D)}.

In an embodiment, the curve fit of this analytical diffusion parameter based pixel or
voxel ranking model resembles a sigrooid function. As an example, as shown in Figure
48, first-pass perfusion scan frame number (time} {along the x axis) is plotted against
normalized and zero shifted mean myocardial signal intensity, in plane (along the y
axis}. Each first-pass perfusion scan frame is a time frame. The dots represent signal
wttensity of the observed perfusion uptake curves and the curve fit hne (i.e., C(x,b) fit)
represents the time variation of concentration of contrast agent using equation (3). The
observed perfusion uptake curve {as shown in Figure 4B} comprises points of signal
mtensity for a time series (1.e., time evolution} which 18 observed for a pixel or voxel
for the region of interest. This is the result of applying the analytical diffusion
parameter based pixel or voxel ranking model. In the manuer as exemplified by Figure
48, regions of interest are classified according 1o normal tissue or at-risk tissue (1.e.,

ischernic tissue).
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This diffusion based paramcter index pixel or voxel ranking model is a physical

characterization index for pixel-level or voxel-level for the region of interest, The
diffusion paramcter indices for tissue perfusion in patients analyzed using this
technigue correlate with a probabilistic estimate for extent of stenosis to cxpectin a
coronary vessel that perfuses the tissue territory occupied by the pixel or voxel for the
region of mterest characterized by the diffusion parameter index, the relational data for
which s stored in a training patient database which the computing device 228 accesses
in order to classify regions of at-risk and normal tissuc (as represented by reference
numeral 160 of Figare 1), Io this manner, an absolute physical meaning of the
diffusion parameter based pixel or voxel ranking s obtained for the region of interest
which in-turn form the basis for the default (1.¢., predetermined) or user-defined

thresholds for classifying spatial extents of at-risk tissue.

The advection-diffusion transport of a concentration of contrast agent, C, which is
transported along two orthogonal spatial divections, x as well as say v, was solved by
Jha et al. considering a constant initial concentration upstream at a plane through x=0,
v=0 at some nitial time t=0. See B, K. Jha, N. Adlakha, M. N. Mchta, Analytic
solution of two dimensional advection diffusion equation arising in cytosolic calcium
concentration distribution , Int. Math, Forum, Vol. 7, 2012, no. 1-4, 135-144, This
analytical solution 1s obtained by this techuique after applying suitable parametric
substitutions to the independent variables of the transport equation so they individually
represent 4 position i 2D space and the diffusion based parameter tisclf now represents
a formmlation that includes characteristic diffusion coefficients in the two orthogonal

spatial dimensions. An analytical expression that is concordant with the nature this
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solution is used in order to fit the observed perfusion uptake data based upon signal

jntensity over time:

x=-=Ut

X+ &)
o) )

C{x,t) = aerfc (—m}{") + berfe (

¢
VBt

(4]

where: a, b are an arbitrary positive constants that determine the quality of the fit, D is a
positive real number indicating the diffusion transport coefficient, x is the 1D spatial
variable, U 1s the wean positive velocity of flow and erfc represents the complementary
ervor function. C{x,t) here 1s a dependent variable representing concentration of

10 Gadolinum contrast agent seen in the image plane represented spatially by its distance
from the left ventricular blood pool by variables, x, and time, t. The unknown in this
equation for the purpose of curve fitting to the observed perfusion uptake curves in the
selected region of interest is the parameter, I3, or the diffusion based parameter.
Solations to the complementary error function (i.e., erfc in equation {(3}} are generally

15 found in tables or as built-in functions 1u a spreadsheet or computer programming
language and so this model becomes a convenient means of representing the perfusion
uptake curves for each pixel or voxel of the region of interest in the myocardium by a
single number (i.e., the characteristic diffusion coefficient, D). For each CMR image
slice level, a unique set of parameters comprising X, U, a and b are determined based

20 upon curve fitting to the mean time-signal intensity observed perfusion uptake data of
the region interest obtained from first pass perfusion CMR images for cach analyzed
image slice level. These slice-specific constants are utilized to determine the diffusion
parameter, D, for cach pixel or voxel for the region of interest in that slice, which may
be compared locally with the D obtained {rom the mean time-sigonal jntensity of the

25 region of interest for observed perfusion uptake for that slice, globally with the D

obtained from the shices across the entive left ventricular miyocardiam.

c. Residence time index

The third perfusion characterization and classification method characterizes the
30 observed pertusion uptake curves for the region of inferest by a residence time index.

The residence time index highlights the number of consecutive time-frames for which

24
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the signal intensity in the regions of interest lies below a user-defined threshold.
Consecutive frames of the first-pass perfusion CMR irvage sequences are usually
separated by at least one cardiac cycle, and therefore pixels or voxels remaining within
user-defined low intensity tolerance threshold tor two or more consecutive frames are
considered as likely perfusion abnormalities. Therefore, a second user-defined
maguottude of residence-time is employed in order to classify the observed perfusion
uptake regions of interest as being normal or at-tisk. Pixels or voxels with signal
intensity values lying below the set intensity tolerance threshold for two consecutive
frames were counsidered to have a residence time of one unit. This residence time index
is incremented and accounted for throughout the perfusion uptake time-series in order

to guide spatial wentification of contiguous pixels or voxels with the low perfusion.

In an embodiment, & user-defined ¢

st. By adjusting a user-defined

threshold of signal intensities of pixels or voxels of regions of interest for a given
myocardial slice, the residence time index 1s used to accentuate the presence of
ischemic regions. Increasing the user-defined threshold may lead to increased
seusitivity for detection of ischemic myocardiam. In this manner, local intensity
distribution statistics may be utilized in order to limit the impact of visual noise on the
fitted parameters. The residence time index is & means for quantitatively wdentifving
local perfusion defects in the manner that the human eye inspects the first-pass
perfusion CMR time-series, n every image shice of the left ventricular myocardium. A
more physical characterization index for pixel-wise or voxel-wise perfusion uptake is
however the diffusion index as described in the analytical diffusion parameter-based
pixel or voxel ranking model, However, this moodel may be adopted to quackly
investigate observed perfusion uptake at the pixel or voxel level in order to identify the
region of nterest the contiguous groups of pixels or voxels that show defective
perfusion characteristics within a myocardial region suspected of containing ischemic

tissue {1.¢., at risk tissue in the region of interest).
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in said standard algorithm is cither a region growing

v

algorithm or a shape detection algorithm.

The process of claim 1 wherein said clinician device 1s said computing device.

r

The process of claim 1 wherein said clinician device is local to said computing

device,

The process of claim 1 wherein said clinician device is remote to said computing

s

device.

im | wherein said coraputing device 1s deployed in a local

b

7. The process of ¢l

environment,

. The process of claim 1 wherein said computing device s deploved in a cloud

computing environment.

of

ioyved i a hosted

ice is dep

roin said computing dev
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. The process of claim 1 wh
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3} wherein said standard algorithm s either a region growing

algorithm or a shape detection algortthm,

. The system of claim 20 wherein said clinician device is said computing device.

4. The system of claim 20 wherein said chinician device 1s local to said computing

device.

. The system of claim 20 wherein said clinician device is remote to said computing

device.
. The systern of claim 20 wherein said computing device 18 deployed in a local

environment,

/. The system of claim 20 wherein said computiog device 18 deployed in a cloud

computing environment.

. The system of claim 20 wherein said computing device is deployed in a hosted

environment.
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