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(57) Abstract: Described here are systems and methods for producing an image that
depicts blood flow stasis using magnetic resonance imaging (MRI), Doppler echocar -
diography, or other medical instruments for measuring flow velocities in a human
body. A time series of three-dimensional (3D) image volumes is provided, where this
time series of 3D image volumes contains flow velocity information at voxel loca-
tions in a 3D volume in a subject. One or more regions-of-interest are then segmen-
ted from the 3D image volumes. For each voxel in the regions-of-interest, velocity
magnitudes are calculated. Using the velocity magnitudes, a flow stasis volume is
produced by computing a relative stasis value for each voxel location in the corres -
ponding region-of-interest. This flow stasis volume can be provided as a 3D flow
stasis image, or a flow stasis map can be produced by projecting the tlow stasis
volume onto a two-dimensional (2D) plane.

PRODUCE FLOW
STASIS MAP(S)
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SYSTEM AND METHOD FOR MAPPING AND QUANTIFYING IN-VIVO BLOOD FLOW
STASIS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Patent Application

Serial No. 62/109,909, filed on January 30, 2015, and entitled “SYSTEM AND METHOD

FOR MAPPING AND QUANTIFYING IN-VIVO BLOOD FLOW STASIS.”

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under R21 HL113895

awarded by the National Institutes of Health. The government has certain rights in the

invention.

BACKGROUND OF THE INVENTION

[0003] The field of the invention is systems and methods for medical imaging.
More particularly, the invention relates to systems and methods for mapping and
quantifying in-vivo blood flow stasis using medical imaging modalities, such as magnetic
resonance imaging (MRI) and Doppler ultrasound.

[0004] Atrial fibrillation (AF) is a common cardiac arrhythmia and affects 33.5
million patients worldwide. It is associated with an increased risk of thrombus
formation within the left atrial (LA) cavity. This increased risk is a major contributing
factor to embolic stroke, the most serious complication of AF. Currently, an AF patient’s
annual stroke risk is estimated based on clinical risk models such as CHA2ZDS2-VASc
scores. But, these scores have limited predictive accuracy (e.g., with C-statistics in the
range of 0.55-0.67) because they are based on upstream clinical factors—such as age,
gender, and diabetes—rather than individual physiologic factors implicating LA
thrombus formation. MRI and Doppler echocardiography studies have shown that the

increased risk of thrombus formation in AF patients may be related to flow
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abnormalities in the left atrium. This increased risk is because decreased blood flow
velocity causes stasis, which increases the risk of blood clotting, and therefore stroke.
[0005] In light of the foregoing, it would be desirable to provide a system and

method for mapping and quantifying in-vivo blood flow stasis.

SUMMARY OF THE INVENTION

[0006] The present invention overcomes the aforementioned drawbacks by
providing a method for producing an image that depicts blood flow stasis using a
medical imaging system. The method includes providing a time series of images that
was acquired with the medical imaging system. The time series of images may include
three-dimensional (3D) image volumes or two-dimensional (2D) image slices. The time
series of images contains flow velocity information at voxel locations in a 3D volume. A
one or more regions-of-interest are then segmented from each images in the time series
of images. A velocity magnitude is calculated for each voxel in each region-of-interest,
and a flow stasis volume is produced. The flow stasis volume is produced by computing
a relative stasis value for each voxel location in each region-of-interest by determining,
at a given voxel location, a number of time frames in the time series of images having a
velocity magnitude below a user-selected threshold value and normalizing the
determined number of time frames at the given voxel location by a total number of time
frames in the times series of images. An image that depicts blood flow stasis is then
generated from the produced flow stasis volume.

[0007] As one example, generating the flow stasis image can include providing
the produced flow stasis volume as a three-dimensional image that depicts blood flow
stasis. As another example, generating the flow stasis image can include producing a
flow stasis map by projecting the flow stasis volume onto a two-dimensional (2D) plane,

and providing the flow stasis map as the image that depicts blood flow stasis.
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[0008] [t is another aspect of the invention that the flow stasis map can be color-
coded to better visualize the location and severity of flow stasis. In some embodiments,
the flow stasis map can be overlaid on an anatomical image of the subject at the same
plane that the 3D flow stasis volume is projected onto when generating the flow stasis
map.

[0009] [t is yet another aspect of the invention that the flow stasis map can be
further processed or analyzed. As one example, the flow stasis map can be further
processed to calculate the mean or median of the flow stasis distribution or to assess
high-risk regions.

[0010] The foregoing and other aspects and advantages of the invention will
appear from the following description. In the description, reference is made to the
accompanying drawings that form a part hereof, and in which there is shown by way of
illustration a preferred embodiment of the invention. Such embodiment does not
necessarily represent the full scope of the invention, however, and reference is made

therefore to the claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] FIG. 1 is a flowchart setting forth the steps of an example of a method for

producing an image that depicts blood flow stasis.

[0012] FIGS. 2A-2D illustrate an example that shows physiological information
that can be derived from distribution of flow velocities and flow stasis for two different
subjects.

[0013] FIG. 3 is a block diagram of an example computer system that can be
configured to implement the methods described herein.

[0014] FIGS. 4A-4D show maps of LA flow parameters superimposed on the

underlying anatomic 4D flow MRI data in oblique sagittal orientation. The individual
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images show stasis maps for a velocity threshold of 0.1 m/s (left column), peak velocity
MIPs (4D, mid column), and TTP velocity maps (right column) in 4 subjects
representing each of the subgroups in an example study. Areas for the analysis of
regional flow dynamics (LA center and LA wall) are delineated, and the resulting
regional LA stasis, peak velocities, and TTP are listed below each map. AAo indicates
ascending aorta; PA, pulmonary artery.

[0015] FIGS. 5A-5B depicts the results of a sensitivity analysis for the
identification of LA stasis and LA peak velocity thresholds in an example study. FIG. 5A
shows LA stasis (top) as a function of the LA velocity threshold (% LA velocities < LA
velocity threshold, Vstasis.thresh) for all 4 groups (young volunteers, age-appropriate
controls, AF-sinus, AF-afib). Corresponding P-values for pairwise comparisons of LA
stasis between groups are shown below. FIG. 5B shows peak LA velocities (top) for
different thresholds (% of top LA velocities, Vpeakvelthresh) and P-values for between
group comparisons (bottom). The individual data points represent averaged over all
subjects in each group. Error bars indicate inter-individual standard deviations of LA

flow metrics.

DETAILED DESCRIPTION OF THE INVENTION

[0016] Described here are systems and methods for generating quantitative flow
stasis maps based on in-vivo data of blood flow velocities acquired using medical
imaging techniques, which may include magnetic resonance imaging (“MRI”) and
Doppler echocardiography.

[0017] The systems and methods described here produce blood flow stasis maps
to noninvasively visualize and quantify flow abnormalities. The systems and methods
also overcome drawbacks of current flow diagnostic tools.

[0018] Referring now to FIG. 1, a flow chart is provided to illustrate an example

4
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of a method 100 for generating a blood flow stasis map in accordance with some
embodiments of the present invention. In step 102, a time series of three-dimensional
(3D) image volumes is provided. In other embodiments, a time series of two-
dimensional (2D) image slices can alternatively be provided. These images can be
acquired with an MRI system; an ultrasound system, such as an ultrasound system
configured to perform Doppler echocardiography; or other medical imaging systems or
instruments used to measure flow velocities. In general, the time series of 3D image
volumes depicts the same 3D volume at a plurality of different time frames. The time
series of 3D image volumes contains flow velocity information at voxel locations in this
3D volume.

[0019] In step 104, the 3D image volumes are segmented into regions-of-interest.
As one example, the regions-of-interest can be associated with the left atrium (“LA”), the
left atrial appendage (“LAA”), or other parts of a human body. In step 106, velocity
magnitudes are calculated for each voxel in the regions-of-interest using the data
provided in step 102.

[0020] As one example, 4-dimensional (4D) flow MRI data covering the entire left
atrium (LA) can be provided, from which one or more regions-of-interest can be
segmented. For instance, a region-of-interest associated with the LA can be segmented
from each 3D image volume contained in the 4D flow MRI data. 4D flow MRI data
provides information on three-directional blood flow velocities (vx(t), vy(t), vz(t)). In
cardiac imaging applications, t can be the time after the peak of R-wave, and the blood
flow velocities can be provided over the cardiac cycle within the entire LA. As described
above, the flow data is segmented into regions-of-interest, which may also be referred
to as 3D segmentation masks. These masks can then be used to isolate the velocity data

in the one or more regions-of-interest, such as the LA volume. Flow distributions in the

5.
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one or more regions-of-interest can be analyzed by calculating velocity magnitudes (v(t)

= /v (t)? + v, (1)? + v,(t)? for all voxels inside the segmented regions-of-interest for
all time frames.

[0021] In step 108, a flow stasis volume is produced based on the velocity
magnitudes compared with a threshold value. As one example, for each voxel inside a

segmented region-of-interest, the relative amount of flow stasis, r

stasts (ln percent); can
be computed. The relative flow stasis can be calculated by determining the number of

cardiac time frames (or 3D image volumes), n with velocities below a threshold

stasis ?

(e.g., 0.02-0.2 m/s) normalized by the total number of cardiac time frames (or 3D image

volumes), N,

ot ?

nS SIS
rstasls :—]\tfmt x100 (1)
[0022] To intuitively visualize the relative flow stasis in the entire region-of-

interest (e.g., the LA) for a given subject, flow stasis maps can be generated by
projecting the relative flow stasis onto a 2D plane transecting the region-of-interest, as
indicated at step 110. The resulting maps can be generated along any user selected
viewing orientation.

[0023] In one example, the flow stasis map can be color-coded for intuitively
identifying regions with low or high stasis. In another example, the flow stasis maps can
be overlaid on an anatomic MRI image of the same plane corresponding to the
projection through the 3D volume that is associated with the flow stasis map.
Overlaying the flow stasis maps on an anatomical image in this manner can improve the
anatomic orientation of the flow stasis maps.

[0024] In some embodiments, the flow stasis maps can be further processed or
analyzed. For example, high-risk regions can be assessed by identifying voxels above

-6-
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stasis thresholds (e.g. when r, > 90%). As another example, regions with high-risk

tasis
flow shown in color-coded stasis maps can be examined to better assess those regions.
As still another example, the fraction of the LA/LAA volumes (or between other regions-
of-interest) having high relative stasis can be calculated. In addition, flow stasis can be
quantified by calculating mean and median relative stasis in the entire region-of-
interest or in user-selected regions-of-interest, such as left atrial appendage. A 3D map
of LA stasis can be generated by following the above steps without then projecting the
relative stasis values onto a 2D plane.

[0025] In addition to the flow stasis maps, other images and maps can be
generated to provide additional visualization of the LA. As one example, for each voxel
inside the segmented LA, the maximum velocity within the cardiac cycle can be
extracted. The maximum intensity projection (“MIP”) over all of these maximum
velocity values can then be calculated, resulting in a four-dimensional MIP of LA peak
velocities. As another example, to quantify regional difference in timing of high LA flow
velocities with respect to the beginning of the cardiac cycle, the time-to-peak (“TTP”)
velocity for each voxel in the segmented LA can be determined. TTP maps can then be
generated by projecting the mean TTP onto a 2D plane.

[0026] Based on the flow stasis maps and the additional maps mentioned above,
global stasis and TTP for the entire LA can be calculated by averaging over all LA voxels.
The overall peak LA velocity can be calculated as the average over the top peak velocity
threshold percentage of all LA velocities.

[0027] As one example of the disconnect between clinical risk scores and
quantified blood flow stasis, FIGS. 2A-2D illustrate examples in which the LA flow data
and stasis maps of two AF patients in the pilot study are significantly different, even

though the two patients have identical, low clinical risk scores (CHA2DS2-VASc=1). For
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both patients, 4D flow MRI was used to measure and visualize time-resolved 3D blood
flow velocities in the LA and left ventricle (FIG. 2A). 3D segmentation (FIG. 2B) was used
to isolate LA velocities. Velocity histograms were generated to quantify the LA flow
velocity distributions of LA voxels (FIG. 2C). Here, the total number of data points used
in computing histograms was the same across subjects. Flow stasis maps (FIG. 2D) were
generated for intuitively visualizing stasis in the entire LA. For each LA voxel, the
relative stasis (in %) was calculated as the percentage of time frames with velocities
less than 0.2 m/s. Stasis maps were generated by projecting relative stasis onto a plane
transecting the LA, as described above. The maps can be color-coded to help identify LA
regions of high stasis (e.g, by color-coding these regions with a red color) and
heightened risk for thrombogenesis. The subject illustrated on the bottom of FIG. 2D has
substantially more regions of high stasis than the subject illustrated in the top of FIG.
2D, despite these two subjects having identical CHA2DS2-VASc scores.

[0028] Thus, the systems and methods described here can provide additional
physiological information underlying AF based on data acquired with atrial 4D flow
MRI. Velocity histograms and stasis maps can be used to distinguish distribution of
velocities and stasis between subjects and assess their risks of thrombogenesis, even if
those subjects have identical CHA2DS2-VASc scores. Similarly, other quantitative
indices of LA flow, such as mean and median velocity and relative stasis as shown in FIG.
2C, differed substantially between subjects and can be used to assess the risks of
thrombogenesis.

[0029] The systems and methods of generating flow stasis maps was further
tested in 100 subjects (30 controls, 70 patients with AF) and found to provide intuitive
visualization of otherwise complex 4D flow MRI data and to detect significant

differences in LA flow distribution and levels of stasis. Atrial 4D flow MRI data of the
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100 subjects was evaluated with the systems and methods described here.
Quantification of LA flow and stasis demonstrated impaired LA flow (p<0.006) and
increased stasis (p<0.003) in AF patients compared to controls. This study corroborated
the results in the pilot study. That is, the indices of LA hemodynamics, as described here,
provide physiologic information beyond CHA2DS2-VASc scores, especially for patients
with low scores.

[0030] Referring now to FIG. 3, a block diagram of an example computer system
300 that can be configured to compute and display flow stasis volumes or maps, as
described above, is illustrated. The images from which the flow stasis volumes or maps
are generated can be provided to the computer system 300 from the respective medical
imaging systems, such as an MRI system or a Doppler ultrasound system, or from a data
storage device, and are received in a processing unit 302.

[0031] In some embodiments, the processing unit 302 can include one or more
processors. As an example, the processing unit 302 may include one or more of a digital
signal processor (“DSP”) 304, a microprocessor unit (“MPU”) 306, and a graphics
processing unit (“GPU”) 308. The processing unit 302 can also include a data acquisition
unit 310 that is configured to electronically receive data to be processed, which may
include first and second medical images, image series, or image volumes. The DSP 304,
MPU 306, GPU 308, and data acquisition unit 310 are all coupled to a communication
bus 312. As an example, the communication bus 312 can be a group of wires, or a
hardwire used for switching data between the peripherals or between any component
in the processing unit 302.

[0032] The DSP 304 can be configured to receive and processes the medical
images or medical image data received from the medical imaging system or storage

device. The MPU 306 and GPU 308 can also be configured to process the medical images
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or medical image data in conjunction with the DSP 304. As an example, the MPU 306 can
be configured to control the operation of components in the processing unit 302 and
can include instructions to perform processing of the medical images or medical image
data on the DSP 304. Also as an example, the GPU 308 can process image graphics.
[0033] In some embodiments, the DSP 304 can be configured to process the
medical images or medical image data received by the processing unit 302 in
accordance with the algorithms described above. Thus, the DSP 304 can be configured
to segment images, select or otherwise identify regions-of-interest, calculate velocity
magnitudes, and compute flow stasis volumes or maps.

[0034] The processing unit 302 preferably includes a communication port 314 in
electronic communication with other devices, which may include a storage device 316, a
display 318, and one or more input devices 320. Examples of an input device 320
include, but are not limited to, a keyboard, a mouse, and a touch screen through which a
user can provide an input.

[0035] The storage device 316 is configured to store images, whether provided to
or processed by the processing unit 302. The display 318 is used to display images, such
as images that may be stored in the storage device 316, and other information. Thus, in
some embodiments, the storage device 316 and the display 318 can be used for
displaying images, including any generated flow stasis volumes or maps, and for
outputting other information, such as data plots or other reports based on the
quantitative flow stasis volumes or maps.

[0036] The processing unit 302 can also be in electronic communication with a
network 322 to transmit and receive data, including magnetic resonance images,
Doppler ultrasound images, and other information. The communication port 314 can

also be coupled to the processing unit 302 through a switched central resource, for
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example the communication bus 312.
[0037] The processing unit 302 can also include a temporary storage 324 and a
display controller 326. As an example, the temporary storage 324 can store temporary

information. For instance, the temporary storage 324 can be a random access memory.

Example: Left Atrial 4-Dimensional Flow Magnetic Resonance Imaging Stasis and Velocity

Mapping in Patients With Atrial Fibrillation

[0038] In an example study, the potential of anatomic maps of LA stasis, peak
velocity, and TTP velocity for the characterization of LA volume and flow, all derived
from a single 4D flow MRI scan, was assessed.

[0039] Study Cohort. A total of 111 subjects were included in the study (81
patients with AF and 30 healthy controls). Atrial fibrillation patients included 42
subjects with a history of AF and in sinus rhythm during MRI (AF-sinus; age, 62 *+ 11
years; 13 females) and 39 AF patients who were in AF at the time of imaging (AF-afib;
age, 66 £ 11 years; 11 females). In addition, 10 young healthy volunteers (HVs; age, 24 +
2 years; 4 females) and 20 age-appropriate controls (age, 59 + 7 years; 7 females) were
included.

[0040] Magnetic Resonance Imaging. All MRI examinations were performed on
15 T and 3 T MRI systems. All patients underwent standard-of-care cardiac MRI
including retrospectively electrocardiogram (ECG)-gated time-resolved (CINE) balanced
steady-state free precession imaging in 4-chamber, 2-chamber, and short-axis
orientation of the left ventricle to evaluate left ventricular ejection fraction (LVEF). In
addition, prospectively ECG-gated time-resolved 3D phase-contrast (PC) MRI with 3-
directional velocity encoding (4D flow MRI) was employed to measure in vivo 3D blood
flow velocities in the LA. Four-dimensional flow MRI data were acquired during free
breathing using navigator gating of the diaphragm motion.18,22 Further 4D flow MRI
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pulse sequence parameters were as follows: flip angle, 7 degrees; spatial resolution,
2.5-3.0 2.5-3.0 x 3.0-4.0 mm; temporal resolution, 37.6-41.6 milliseconds, imaging
acceleration (generalized autocalibrating partially parallel acquisitions technique) with
a reduction factor of R = 2; total acquisition time of 10 to 20 minutes depending on
heart rate and navigator efficiency; and velocity sensitivity of 100 to 150 cm/s. If Gd-
contrast administration and contrast-enhanced magnetic resonance angiography (MRA)
was part of the standard-of-care imaging protocol, 4D flow data was performed at the
end of the MRI examination (i.e.,, 10-15 minutes after Gd injection). In case of contrast
agent administration, the flip angle was adjusted to 15 degrees account for different
blood T1.

[0041] 4D Flow MRI Data Analysis. Atrial stasis maps, peak LA velocity 4D
MIPs, and TTP maps were generated as described above. All data were analyzed using a

range of different velocity thresholds (v

stasis _thresh

=0.02-0.2 m/s in 0.02 m/s steps and

v = 1%-10% in 1% steps) to assess their influence on LA flow parameters and

peakvel _thresh
differences in LA flow dynamics between groups (young and older controls, AF-sinus,
AF-afib). For each group, a Shapiro-Wilk test was used to determine if parameters were
normally distributed. To compare parameters among the 4 groups, 1-way analysis of
variance (Gaussian distribution) or Kruskal-Wallis (non-Gaussian distribution) was
used. If these tests determined that a parameter was significantly different among
groups (P < 0.05), multiple comparisons between groups were performed using
independent sample t-tests (Gaussian distribution) or Mann-Whitney U tests (non-
Gaussian distribution). Bonferroni correction was used to adjust for multiple
comparisons, and differences were considered significant for P < 0.0125.

[0042] Left Atrial Stasis, Peak Velocity, and TTP Maps. Examples of LA flow
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parameter maps (stasis, peak velocity, TTP) for 4 representative subjects of each cohort
are shown in FIG. 4. Four-dimensional flowMRI in a young HV (FIG. 4A) revealed high-
peak velocities throughout the LA and lowest stasis compared with the 3 subjects from
other groups. In all subjects, LA stasis based on a velocity threshold of 0.1 m/s showed
an inhomogeneous pattern and was higher adjacent to the LA wall compared with the
central region of the LA, which was confirmed by regional LA stasis quantification (see
mean stasis for LA center and LA wall below individual maps).

[0043] The age-appropriate control subject (FIG. 4B) showed similar regional LA
stasis patterns but considerably reduced LA peak velocities in both LA regions (average
reduction by 38% and 34%, respectively). Atrial fibrillation patients (FIG. 4C and FIG.
4D) showed higher stasis throughout the LA (particularly adjacent to the LA wall) and
lower and more heterogeneous distribution of LA peak velocities (specifically for AF-
afib, FIG. 4D) compared with control subjects. Time-to-peak did not show consistent
differences among groups.

[0044] Sensitivity Analysis: Identification of LA Stasis and LA Peak Velocity
Thresholds. FIG. 5 shows the results of the analysis of different thresholds for global LA
stasis and peak velocity quantification. Except for young versus age-appropriate
controls, LA stasis (FIG. 5A) was significantly different between each of the groups (age

matched controls, AF-sinus, AF-afib) for v

stasis _ thresh

0.04 m/s or greater. Left atrial stasis

could robustly differentiate between these groups for a wide range of velocity

thresholds (P < 0.001 for v ranging from 0.10 to 0.18 m/s).

stasis _ thresh
[0045] Findings for LA peak velocities are shown in FIG. 5B. Significant
differences (P < 0.0125) between each of the groups were found for a wide range of

thresholds v 3% or greater (except for AF-sinus versus age-appropriate

peakvel _thresh
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controls). For further analysis of global LA stasis and peak velocity, v .. ., 0f 0.1 m/s
and v, . mes Of 5% were chosen, respectively
[0046] The present invention has been described in terms of one or more

preferred embodiments, and it should be appreciated that many equivalents,
alternatives, variations, and modifications, aside from those expressly stated, are

possible and within the scope of the invention.
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What is claimed is:

1. A method for producing an image that depicts blood flow stasis using a

medical imaging system, the steps of the method comprising:

(a) providing a time series of images acquired with the medical imaging
system, the time series of images containing flow velocity information at
voxel locations in a three-dimensional volume;

(b)  segmenting at least one region-of-interest from each image in the time
series of images;

(9 calculating a velocity magnitude for each voxel in each region-of-interest;

(d)  producing a flow stasis volume by computing a relative stasis value for
each voxel location in each region-of-interest by determining, at a given
voxel location, a number of time frames in the time series of images
having a velocity magnitude below a user-selected threshold value and
normalizing the determined number of time frames at the given voxel
location by a total number of time frames in the times series of images;
and

(e) generating an image that depicts blood flow stasis from the produced flow

stasis volume.

2. The method as recited in claim 1, wherein step (e) includes providing the
produced flow stasis volume as a three-dimensional image that depicts blood flow

stasis.

3. The method as recited in claim 1, wherein step (e) includes producing a
flow stasis map by projecting the flow stasis volume onto a two-dimensional (2D) plane,

and providing the flow stasis map as the image that depicts blood flow stasis.

4., The method as recited in claim 1, wherein the time series of images

provided in step (a) is a time series of three-dimensional (3D) image volumes.

5. The method as recited in claim 1, wherein the time series of images

provided in step (a) is a time series of two-dimensional (2D) image slices.
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6. The method as recited in claim 1, wherein the medical imaging system is a

magnetic resonance imaging (MRI) system.

7. The method as recited in claim 1, wherein the medical imaging system is

an ultrasound system.

8. The method as recited in claim 1, wherein the user-selected threshold

value is in a range of about 0.02 to 0.2 meters per second.

9. The method as recited in claim 1, wherein the user-selected threshold

value is equal to or greater than about 0.04 meters per second.
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