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Patient Example 4 - Normal Heart in _Lon -AXis View‘

Fig. 23
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AUTOMATIC CAPTURE OF CARDIAC
MOTION BY PRE-SCAN AND AUTOMATED
DATA EVALUATION FOR DETERMINATION

OF MOTIONLESS PERIODS WITHIN THE
RR-INTERVAL

TECHNOLOGY FIELD

[0001] The present invention relates to methods, systems,
and apparatuses for Magnetic Resonance Imaging (MRI) in
general and the assessment of cardiac motion in particular,
specifically the detection of time periods within the cardiac
cycle that exhibit no or minimal cardiac motion.

BACKGROUND

[0002] The heart beats in a periodic manner with its period
called RR-interval. ‘R’ stands for the R-wave which is
observable in an electrocardiogram (ECG) and indicates the
electrical activity initiating the heart’s contraction as begin-
ning of the cardiac cycle. The cardiac cycle lasts from one
R-wave to the next and its duration or period is hence called
RR-interval.

[0003] Two time windows typically exist within the RR-
interval during which the heart shows no or minimal cardiac
motion. The first time window occurs during isovolumetric
relaxation at the end of systole. It has a relatively short
duration of about 70 ms (to some degree RR-dependent) and
falls between the closure of the aortic valve and the opening
of the mitral valve. Even though the aortic valve closure
marks the beginning of diastole, imaging during this win-
dow is termed “systolic imaging” in the Magnetic Reso-
nance (MR) community due to the proximity to systole. The
second time window occurs during a fraction of diastole
known as diastasis. Its duration depends on the length of the
RR-interval. For high heart rates (short RR-interval) there
generally exists no diastolic time window without motion.
[0004] The absence of motion during data acquisition by
MRI is very important as many types of acquisition (also
called readout) are very sensitive to motion and flow.
Specifically the turbo-spin echo (TSE) readout is prone to
this problem. Manifestations of this sensitivity include sig-
nal dropout increasing with motion, signal inhomogeneity of
the myocardium wherein increased local motion causes
reduced local signal, and fuzziness of the acquired image
(reduced effective spatial resolution similar to camera shake
in photography).

[0005] Scanner operators equipped with experience, suf-
ficient time, and knowledge of the heart would acquire a cine
series (a movie) of the beating heart at the slice location to
be imaged with the TSE sequence. They would then manu-
ally set the timing parameters of the TSE sequence (start and
end of the TSE readout) to limit the acquisition to the
no-motion time window, generally during part of diastole.
Because this window can change in the same patient during
the same exam, for example due to stress or repeated breath
holding, the cine series would need to be acquired repeatedly
for every imaged slice. Additionally, the no-motion window
occurs at somewhat different times for different locations
(e.g., a basal slice depicting the atria compared to a mid-
ventricular slice showing the ventricles). Thus each slice
location would ideally require its own cine series for optimal
timing determination and would need to be acquired imme-
diately before the TSE sequence. Knowing that the acqui-
sition of a cine series takes a ten-second breath hold it is

May 30, 2019

obvious that no scanner operator would stick to such a
cumbersome procedure. In most imaging centers the situa-
tion is even worse. Many operators place the time window
by a vendor provided logic (for example “capture-cycle”
logic) that only accounts for the RR duration, but not for the
individual patient’s heart morphology, disease, and acquired
location. The resulting image quality is frequently poor to
non-diagnostic.

[0006] The most common method for selecting a minimal
or no-motion time window is a vendor-provided logic, for
example, called “capture-cycle” logic. With the push of a
button it allows the scanner operator to set the end time of
sequence readout to a supposed no-motion window. It has
multiple issues. It does not set the start time of the readout,
just the end time. Therefore it does not adjust the duration of
the readout window even though it is known that the
no-motion period varies with the RR duration and by patient.
But its main problem is that it acts on the RR duration alone
and does not account for the individual patient’s cardiac
morphology, heart disease, and the location to be acquired
(e.g., base, apex, outflow tract), because this information is
not available to this method. Instead it derives the end time
from the RR alone and its algorithm is based on the RR of
normal volunteers. The resulting image quality is frequently
poor to non-diagnostic, especially in patients with cardiac
disease, which represent the majority of scanned subjects.

[0007] Another method for selecting a minimal or no-
motion time window is more precise, because it is patient-
specific. However, it is time consuming and requires expert
skill of the scanner operator. Therefore it is rarely used by
research sites and hardly ever used by standard clinical sites.
In this method a scanner operator acquires a movie of the
beating heart (also called a cine series) at the slice location
to be imaged with the motion sensitive use-sequence. He
then pages through the series of acquired movie frames,
(cardiac phases) to find start and end time of the no-motion
window. This is possible as the frames have time stamps
relative to the preceding R-wave or other trigger signal.
Then the operator manually sets the timing parameters of the
use-sequence. In the TSE sequence for example, the opera-
tor sets the end time of the TSE readout and the turbo factor
to adjust the readout length, which indirectly sets the start
time. Setting the times for the use-sequence is only as
precise as the temporal resolution of the cine frames, which
is typically 40-60 ms. The readout time window of the
use-sequence may thus not fully utilize the entire no-motion
period as it is only known to the limits of the movie’s
temporal resolution.

[0008] Because the no-motion window can change in the
same patient during the same exam (e.g., due to stress or
repeated breath holding) the cine series needs to be acquired
repeatedly for every imaged slice. Additionally, the no-
motion window occurs at somewhat different times for a
basal slice depicting the atria and a mid-ventricular slice
showing the ventricles. Thus, each slice location would
ideally require its own cine series for optimal timing deter-
mination and would need to be acquired immediately before
the use-sequence. As the acquisition of a cine-series takes
about a ten-second breath hold, no scanner operator would
acquire the cine-series as often as required in the above
described ideal procedure, even if the operator is familiar
with it and capable of applying it. Suboptimal image quality
may result.
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SUMMARY

[0009] Embodiments of the present invention address and
overcome one or more of the above shortcomings and
drawbacks, by providing methods, systems, and apparatuses
related to an automatic capture of cardiac motion by pre-
scan and automated data evaluation for determination of
motionless periods within the RR-interval. Briefly, the
motion assessment technique described herein represents a
fully automatic method for acquiring data on motion of a
patient’s heart by a pre-scan, determining the motionless
periods within the cardiac cycle from that data, and setting
the timing parameters of a consecutively run use-sequence
such as a Turbo Spin Echo (TSE) sequence so that its
readout occurs during the motionless period.

[0010] According to some embodiments, the motion
assessment technique described herein comprises a two-
heart beats pre-scan to determine the patient’s cardiac
motion. Following the pre-scan, the acquired data is ana-
lyzed and the number of motionless periods within the
RR-interval is output, along with their respective start and
end times relative to the preceding R-wave or other trigger
signal. In case of high heart rates, the technique described
herein typically finds a single time window for systolic
imaging. In case of normal or low heart rates it usually finds
two windows, one for systolic and one for diastolic imaging.
A predefined user preference of diastolic or systolic imaging
allows the motion assessment technique to provide exactly
one no-motion window to the following “use-sequence”
(TSE or other motion-sensitive sequence) by furnishing one
set of readout start and end time.

[0011] According to some embodiments, a method for
determining time periods of minimal motion of a physi-
ologic organ relative to a trigger of a physiologic triggering
signal and within a triggering cycle includes monitoring the
physiologic triggering signal associated with a patient and
using an MRI cine pulse sequence to acquire a temporal
series of projections across a region of interest comprising
an organ of interest. The temporal series of projections are
analyzed to determine one or more times relative to a trigger
provided by the physiologic triggering signal during which
motion of the organ of interest is below a predefined
threshold. Motion of the organ of interest is assessed by first
creating a signal intensity versus time curve of one pixel or
an average of multiple pixels included in the temporal series
of projections. A noise filter and normalization is applied to
the signal intensity versus time curve to yield a filtered and
normalized time curve. The temporal derivative of the
filtered and normalized time curve is determined to yield a
motion-analog function. Then, the absolute value of the
motion-analog function is evaluated for being smaller than
the predefined threshold to determine the one or more times.

[0012] Various enhancements, refinements, and other
modifications can be made in different embodiments of the
present invention. For example, in some embodiments, the
projections are repeatedly acquired at same locations at
consecutive times during at least 90% of one triggering
cycle. In another embodiment, the signal intensity versus
time curve is an average of a plurality of pixels in the series
of projections across all time points. In other embodiments,
the motion-analog function is averaged across time with
sliding window averaging in which a sliding window is
applied to a number of consecutive elements and is moved
along entire the motion-analog function.
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[0013] In some embodiments of the aforementioned
method, elements for which an absolute value of the deriva-
tive is below a predefined threshold are tagged as having no
motion in a tag-vector comprising a same number of ele-
ments as a motion-analog function. A sliding median filter
may be applied to the tag-vector and moved along the entire
tag-vector creating a median-filtered tag-vector. The
median-filtered tag-vector may be further filtered replacing
its no-motion tagged regions that are shorter than a mini-
mum duration by motion tagged regions. In one embodi-
ment, this minimum duration depends on duration of the
triggering cycle. The method may further include calculat-
ing a number of no-motion regions and their respective start
and end times from the tag-vector and saving the number of
no-motion regions and their respective start and end times as
timing data.

[0014] According to another aspect of the present inven-
tion, an article of manufacture for determining time periods
of minimal motion of a physiologic organ relative to a
trigger of a physiologic triggering signal and within a
triggering cycle comprises a computer-readable, non-tran-
sitory medium holding computer-executable instructions for
performing the aforementioned method. These instructions
may further be refined based on any of the modifications of
the aforementioned method discussed above.

[0015] According to other embodiments of the present
invention, a system for determining time periods of minimal
motion of a physiologic organ relative to a trigger of a
physiologic triggering signal and within a triggering cycle
include a physiologic monitoring device, an MRI scanner,
and a data processor. The physiologic monitoring device is
configured to monitor the physiologic triggering signal
associated with a patient. The MRI scanner is configured to
use an MRI cine pulse sequence to acquire a temporal series
of projections across a region of interest comprising an
organ of interest. The data processor analyzes the temporal
series of projections to determine one or more times relative
to a trigger provided by the physiologic triggering signal
during which motion of the organ of interest is below a
predefined threshold. Motion of the organ of interest is
assessed by a process comprising: (a) creating a signal
intensity versus time curve of one pixel or an average of
multiple pixels included in the temporal series of projec-
tions, (b) applying a noise filter and normalization to the
signal intensity versus time curve to yield a filtered and
normalized time curve, (c) determining the temporal deriva-
tive of the filtered and normalized time curve to yield a
motion-analog function, and (d) evaluating the absolute
value of the motion-analog function for being smaller than
the predefined threshold to determine the one or more times.

[0016] Additional features and advantages of the motion
assessment technique will be made apparent from the fol-
lowing detailed description of illustrative embodiments that
proceeds with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The foregoing and other aspects of the present
invention are best understood from the following detailed
description when read in connection with the accompanying
drawings. For the purpose of illustrating the motion assess-
ment technique, there is shown in the drawings embodi-
ments that are presently preferred, it being understood,
however, that the motion assessment technique is not limited
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to the specific instrumentalities disclosed. Included in the
drawings are the following Figures:

[0018] FIG. 1 shows a flowchart illustrating a high-level
overview of a method for determining time periods of
minimal motion of a physiologic organ such as the heart,
according to some embodiments of the present invention;
[0019] FIG. 2 shows a series of cine frames or cardiac
phases of a typical cine MRI acquisition;

[0020] FIG. 3 explains how to obtain a projection image
instead of a fully spatially resolved image, according to
some embodiments;

[0021] FIG. 4 shows one exemplary implementation of the
pre-scan sequence;

[0022] FIG. 5 shows a detailed view of the pre-scan
sequence used in the acquisition part of the motion assess-
ment technique;

[0023] FIG. 6 explains how projection pixels are selected
to create a signal analogous to cardiac-contraction;

[0024] FIG. 7A depicts a magnification of the first (upper
left) and the last panel of FIG. 6, showing all projection
pixels versus time points;

[0025] FIG. 7B shows average pixel intensity of the n
projection pixels with the largest difference across time
points plotted versus time points for the data shown in FIG.
TA;

[0026] FIG. 8A shows the result of temporal filtering of
the curve from FIG. 7B by a sliding window average filter;
[0027] FIG. 8B shows a normalized version of the curve
shown in FIG. 8A;

[0028] FIG. 9A shows the derivative of the normalized
curve of FIG. 8B;

[0029] FIG. 9B shows a vector V1,,,(p) which has each
time point tagged as possessing cardiac motion or not;
[0030] FIG. 10 shows the no-motion tagged vector on top,
the results of its median filtering in the middle, and the
results of further processing according to temporal threshold
0 on the bottom, with two calculated “no-motion” regions
with respective start and end times;

[0031] FIG. 11 shows the flow chart of an example algo-
rithm for calculating the number of “no-motion” regions
O,pions a0d the selection of the “no-motion” window,
according to some embodiments of the present invention;
[0032] FIG. 12 shows an example flow chart for calculat-
ing the start and end times of all no-motion regions found,
according to some embodiment;

[0033] FIG. 13 shows the cine frames of a dilated heart
with low ejection fraction and poor contractile function in a
short-axis view;

[0034] FIG. 14A depicts a magnification of the first (upper
left) and the last panel of FIG. 13, showing all projection
pixels versus time points for a second patient;

[0035] FIG. 14B shows average pixel intensity of the n
projection pixels with the largest difference across time
points plotted versus time points for a second patient for the
data shown in FIG. 14A,;

[0036] FIG. 15A shows the result of temporal filtering of
the curve from FIG. 14B by a sliding window average filter;
[0037] FIG. 15B shows a normalized version of the curve
shown in FIG. 15A;

[0038] FIG. 16A shows the derivative of the normalized
curve of FIG. 15B;

[0039] FIG. 16B shows a vector V1,,,(p) which has each
time point tagged as possessing cardiac motion or not, with
respect to the data shown in FIG. 16A;

May 30, 2019

[0040] FIG. 17 shows the no-motion tagged vector on top,
the results of its median filtering in the middle, and the
results of further processing according to temporal threshold
6 on the bottom, with two calculated “no-motion” regions
with respective start and end times;

[0041] FIG. 18 shows the cine frames of a third patient
with high heart rate (about 110 beats per minute) and an
extremely short period of diastasis, in a short-axis view.
[0042] FIG. 19A depicts a magnification of the first (upper
left) and the last panel of FIG. 18, showing all projection
pixels versus time points for the third patient;

[0043] FIG. 19B shows average pixel intensity of the n
projection pixels with the largest difference across time
points plotted versus time points for the data shown in FIG.
19A;

[0044] FIG. 20A shows the result of temporal filtering of
the curve from FIG. 19B by a sliding window average filter;
[0045] FIG. 20B shows a normalized version of the curve
shown in FIG. 20A;

[0046] FIG. 21A shows the derivative of the normalized
curve of FIG. 20B;

[0047] FIG. 21B shows a vector V1,,,(p) which has each
time point tagged as possessing cardiac motion or not, with
respect to the data shown in FIG. 21A;

[0048] FIG. 22 shows the no-motion tagged vector on top,
the results of its median filtering in the middle, and the
results of further processing according to temporal threshold
6 on the bottom, with two calculated “no-motion” regions
with respective start and end times;

[0049] FIG. 23 shows the cine frames of a fourth patient
with a normal heart, in a long-axis view;

[0050] FIG. 24 A depicts a magnification of the first (upper
left) and the last panel of FIG. 23, showing all projection
pixels versus time points for the fourth patient;

[0051] FIG. 24B shows average pixel intensity of the n
projection pixels with the largest difference across time
points plotted versus time points for data shown in FIG.
24A,

[0052] FIG. 25A shows the result of temporal filtering of
the curve from FIG. 24B by a sliding window average filter;
[0053] FIG. 25B shows a normalized version of the curve
shown in FIG. 25A;

[0054] FIG. 26A shows the derivative of the normalized
curve of FIG. 25B;

[0055] FIG. 26B shows a vector V1,,,(p) which has each
time point tagged as possessing cardiac motion or not, with
respect to the data shown in FIG. 26A;

[0056] FIG. 27 shows the no-motion tagged vector on top,
the results of its median filtering in the middle, and the
results of further processing according to temporal threshold
6 on the bottom, with two calculated “no-motion” regions
with respective start and end times; and

[0057] FIG. 28 shows a system for ordering acquisition of
frequency domain components representing MR image data
for storage in a k-space storage array, as used by some
embodiments of the present invention.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0058] The following disclosure describes the present
invention according to several embodiments directed at
methods, systems, and apparatuses related to the automatic
capture of cardiac motion by pre-scan and automated data
evaluation for determination of motionless periods within
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the RR-interval. The motion assessment technique described
herein has the function to measure cardiac motion in a slice
location to be acquired with a use-sequence and then provide
a time window of minimal or no motion to the use-sequence,
so that the latter can acquire data during the part of the
cardiac cycle with minimal or no motion. The function is
realized by combining a data acquisition with a data pro-
cessing part executed in rapid succession. Data analysis
takes at the most one RR-interval so that the motion assess-
ment technique requires only two or three RR-intervals in
total. One important aspect of the motion assessment tech-
nique is that it delivers precision in regards to best timing of
the readout to a no-motion window, without the traditionally
required significant time effort and knowledge. This is a
major improvement over existing precise yet time consum-
ing methods and over other existing quick yet imprecise
methods.

[0059] The main problem of the capture-cycle logic is that
it is solely based on the RR-interval and assumes a normal
healthy heart. The motion assessment technique described
herein overcomes this significant limitation by collecting
patient-specific data, acquired immediately before the use-
sequence in the location to be imaged. Therefore it accounts
for any disease-specific deviations from the normal heart, for
location-specific timing, and for cardiac timing behavior
varying over the duration of an MR exam. The combined
pre-scan and data analysis is tailored exactly to disease-,
location-, and time-specific properties of the patient’s heart
to be imaged. Manual placement of the time window is
problematic in that it takes too long and requires the exper-
tise and willingness of the scanner operator to execute it.
These requirements are usually not met. Therefore the
method is hardly used even though in principle it can find the
no-motion period and improve image quality. The technol-
ogy described herein solves the problems of both existing
methods by determining the timing specifically for the
imaged heart and location, while requiring no manual opera-
tor intervention and only minimal time.

[0060] Technical details of the motion assessment tech-
nique may be summarized as follows. The pre-scan com-
ponent is a modified cine sequence. Unlike conventional
cine sequences, the motion assessment technique described
herein acquires only the central line of the raw data (k-space)
by not using a phase encoding gradient. It acquires the same
line every time-to-repeat (TR) which is typically between
2.5 and 5 ms long, throughout one cardiac cycle. The
resulting projection image has exactly one line that is
spatially resolved in frequency encoding direction and not
resolved in phase-encoding direction. The motion assess-
ment technique provides excellent temporal resolution that
equals TR. Approximately one heartbeat of data is acquired,
which equals “RR-interval divided by TR” time points,
between 150 and 300 points.

[0061] FIG. 1 shows a flowchart illustrating a high-level
overview of a method 100 for determining time periods of
minimal motion of a physiologic organ such as the heart,
according to some embodiments of the present invention.
These time periods are determined relative to a trigger of a
physiologic triggering signal.

[0062] This method 100 shown in FIG. 1 can be initiated
in a variety of ways. For example, in some embodiments, the
method is an executable application that is automatically
executed when the command to run the use-sequence is
issued by the scanner operator. In this case, the pre-scan
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(also known as adjustment scan), data analysis, and furnish-
ing of start and end times to the use-sequence is done on the
fly immediately before running the use-sequence. To the
operator, pre-scan and use-sequence appear as single event
and both are executed during one breath-hold without
noticeable delay between them. The advantage of this imple-
mentation is that motion assessment technique and use-
sequence are run within the same breath-hold. In many
patients breath-holding changes a patient’s RR-interval.
Both consistently shorter and longer RR durations have been
observed. Therefore, it is advantageous to assess the motion
and acquire the use-data in the same breath-hold. In another
implementation the execution of the method 100 is initiated
by pressing a button on the scanner’s graphical user inter-
face (GUI) or other user interface. This button is often called
“capture cycle”. The button is on the user interface card of
the use-sequence and modifies its timing parameters. Press-
ing an “apply” or “run” button after pressing the “capture
cycle” button will run the use-sequence using the timing
information provided by the method 100.

[0063] Starting at step 105, a physiologic triggering signal
associated with a patient is monitored over a plurality of
triggering cycles. Each triggering cycle may be, for
example, an RR-interval. Examples of physiologic trigger-
ing signals that may be monitored at step 105 include an
electrocardiogram, a pulse oximetry signal, an acoustic heart
signal, or a respiratory signal. Next at step 110, an MRI cine
pulse sequence is used to acquire a series of projections
across a region of interest comprising an organ of interest.
The MRI cine pulse sequence may be prospectively trig-
gered or retrospectively gated with respect to the physi-
ologic triggering signal. Various types of MRI cine pulse
sequences may be used at step 110. For example, in some
embodiments, the MRI cine pulse sequence is a steady state
free precession (SSFP) sequence. In other embodiments, the
MRI cine pulse sequence is a gradient echo (GRE) sequence.
In some embodiments, the MRI cine pulse sequence repeat-
edly acquires the projections at the same locations for
consecutive times during at least 90% of one triggering
cycle.

[0064] Continuing with reference to FIG. 1, at step 115,
the temporal series of projections is analyzed to determine
one or more times relative to a trigger provided by the
physiologic triggering signal during which the absolute
value of the velocity associated with motion of the organ of
interest is below a predefined threshold. To produce said
velocity as a function of time, in a first step the pixel signal
intensity at one location on the line of projection pixels is
plotted as function of time relative to said trigger. In some
embodiments, a plurality of pixels in each projection may be
averaged together, and this average is plotted as a function
of time. In a second step the obtained time curve may be
noise filtered, for example by averaging across time with
sliding window averaging in which a sliding window is
applied to a number of consecutive elements and is moved
along the entire function. In a third step, the curve is
normalized to the first data point or the average of the first
n data points, for example 10 points. In a fourth and
especially important step, the temporal derivative of this
normalized curve is calculated, for example by subtracting
neighboring data points and dividing by the temporal reso-
lution (step size, time to repeat ‘TR’ of the cine pulse
sequence) of the temporal series. Such normalized temporal
derivative is needed for comparison with said predefined
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threshold and is hereafter referred to as motion-analog
function. A threshold value of 0.002 was empirically found
for the heart and is valid in conjunction with the normalized
velocity function described below. Other organs or vessels
may have different thresholds.

[0065] Said first step creates a projection pixel intensity
curve as a function of time. In such visualization, blood
appears bright in projection pixels acquired with the pre-
scan. Therefore the signal level of a projection pixel that
goes through the blood cavity is brighter than of a pixel that
goes through other tissue. The more bright pixels are col-
lapsed into one projection-pixel the brighter is the projec-
tion-pixel. Since cardiac contraction affects the cavity size
and with it the number of bright blood pixels combined into
one projection-pixel, the brightness of a projection-pixel is
a function of the cavity size and varies with the periodic
cardiac contraction. Of all projection-pixel versus time
curves, those with the largest deviation from a mean signal
are most likely to go through the cavity. The curves with the
n largest deviations are averaged to create one signal rep-
resenting cardiac contraction versus time (n=10 preferred).
This signal is filtered for noise reduction and normalized to
become independent of patient-specific signal-to-noise, coil
sensitivity, etc. The temporal derivative of this signal is then
calculated to express signal change. It represents a normal-
ized velocity of cardiac contraction or motion of another
organ, and small values of the derivative indicate no or
minimal motion. It can be regarded as motion-analog func-
tion. In one embodiment, this derivative is filtered by sliding
window averaging across k points (k=6 preferred), which
may be needed if the signal to noise (SNR) of the acquired
projection data is low. This optional filtering is in addition to
the filtering done in the second step and normalizing done in
the third step.

[0066] In some embodiments, a threshold region symmet-
ric around zero is defined (between -A/2 and +A/2) and the
time points for which the derivative is within the threshold
region are tagged (i.e., labeled) as “no-motion” points in a
“no-motion” vector (as referred to herein as a “tag-vector”).
The no-motion vector comprises same number of elements
as a motion-analog function. The vector may be processed in
multiple steps, including knowledge about the minimum
duration of the motionless period. Note that this knowledge
holds for both normal and diseased hearts. The resulting
vector has one or two zones tagged as motionless. One zone
usually corresponds to the systolic phase of isovolumetric
relaxation, the other to the diastasis phase during diastole.
Start and end times of each no-motion region may be
detected and provided to the use-sequence. In one embodi-
ment, a sliding median filter is applied to a number of m
elements of the no-motion vector and moved along the entire
no-motion vector creating a median-filtered no-motion vec-
tor. A value of m to cover a time of 25 ms is preferred to
remove any small and wrongly tagged regions as conse-
quence of noise remaining in the motion-analog signal
despite filtering. This median-filtered no-motion vector may
be further filtered replacing its no-motion tagged regions
that are shorter than a minimum duration by motion tagged
regions. The minimum duration is known from studying
hundreds of cardiac cine movies of a random patient popu-
lation and determining the duration of the one or more
motionless periods during the cardiac cycle. In patients with
an RR-interval of 600 ms or longer, typically two periods
without motion exist: a short systolic period of at least 95 ms
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duration, and a longer diastolic period much larger than 95
ms. In high-heart rate patients with RR=600 ms there’s
typically no diastolic period without motion, and the systolic
period of no-motion is shorter than at lower heart rates.
Therefore a shorter minimum duration of 65 ms may be
used. Consequently the minimum duration of a no-motion
tagged region may be based, for example, on the duration of
the triggering cycle.

[0067] FIGS. 2-27 and the related description below pro-
vide details of specific embodiments of the motion assess-
ment technique. Specific values for variables used in the
motion assessment technique are used for exemplary pur-
poses. It shall be understood however, that other values may
work and that the scope of the motion assessment technique
is not limited to the exemplary values.

[0068] FIG. 2 shows a series of cine frames or cardiac
phases of a typical cine MRI acquisition. In this example, a
short axis view is depicted. The temporal resolution is 35 ms
and all 28 cardiac phases are shown filling an RR of about
980 ms. Note that the heart continuously changes its shape
and cavity size, but that this patient has two time windows
with little or no cardiac motion. Time window 1 occurs
between 350 ms and 455 ms and can be used for systolic
imaging. Time window 2 is located between 700 ms and 945
ms and shows the period of diastasis, which can be used for
diastolic imaging. In this patient, and in most patients with
a low or moderate heart rate (RR-interval>800 ms), the
second window is longer than the first and is therefore
preferred for imaging.

[0069] FIG. 3 explains how to obtain a projection image
instead of a fully spatially resolved image, according to
some embodiments. This example shows the first cardiac
phase of the cine series of FIG. 2. A projection is created by
summing up all pixels of panel 3A along the horizontal
direction into a vertical line of single pixels shown in panel
3B. The spatial resolution is lost in (horizontal) x-direction,
but preserved in (vertical) y-direction. Note that the pre-scan
of the motion assessment technique acquires the line of
projection-pixels in the first place. It does not obtain a series
of spatially fully resolved cine images first and, it does not
then collapse them into a projection series. The fully spa-
tially resolved image in panel 3A is only shown for illus-
tration purposes. The sequence employed by the motion
assessment technique never spatially resolves data in the
x-direction. The sequence has a field of view (fov) in the
y-direction fixed to 256 mm, which is significantly larger
than a human heart. It is centered to the same point as the
image acquired by the following use-sequence. The pre-
ferred number of projection pixels n, is 128 yielding 2 mm
pixel size in y-direction. Slice thickness is set to 10 mm. The
acquisition of one line takes the “time-to-repeat” (TR), about
3.5 ms. The same line is acquired repeatedly for about one
cardiac cycle (one RR-interval). The preferred implementa-
tion acquires for 90% to 95% of the RR so that the next
R-wave is not missed for triggering of the use-sequence. For
the exemplary RR of 980 ms, the line is acquired at
approximately p,,,.=95%%980 ms/3.5 ms=266 time points.
Panel 3C shows the projection pixel line plotted versus these
time points. Slight intensity variations may be appreciated in
the center region of the line at about the middle of the
RR-interval. The changes can be measured but are small and
may not be clearly seen by the human eye. For illustration
of these projections’ relationship to the cardiac phases, the
28 cine frames from FIG. 2 are plotted in the lower section
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of panel 2C. Cardiac phases within a no-motion window are
zoomed up on. Cine images and projection lines were
acquired in the same patient immediately one after the other.

[0070] FIG. 4 shows one exemplary implementation of the
pre-scan sequence. The axes are “analog digital conversion”
(ADC) indicating data acquisition, radio frequency (RF)
indicating the application of an excitation pulse, “read grad
y” for spatial encoding of the y-location, “phase grad x” for
spatial encoding of the x-location, and “slice grad” for
selecting the imaged slice. Note that no gradients are
executed on the “phase grad X axis, because this projection
sequence does not spatially resolve in x-direction. Depicted
is a balanced steady state free precession (bSSFP) sequence
that is prospectively gated and acquires the same projection
line every TR. Two RR-intervals are required by this
sequence. During the first RR-interval steady state is estab-
lished; during the second, the projection lines shown in FIG.
3 are acquired. Note that the acquisition finishes before the
last R-wave so that the use-sequence can be triggered with
the last R-wave. In case the time between the end of the
acquisition and the last R-wave is too short for calculating
the time window for the use-sequence, one additional RR is
required by the motion assessment technique. The exem-
plary sequence is a prospectively triggered cine sequence,
but the motion assessment technique also works with a
retrospectively gated cine scheme. The latter would require
part of one additional RR interval. The data processing
would be done in the remainder of this RR-interval.

[0071] FIG. 5 shows a detailed view of 4 out of over 250
TR periods of the pre-scan sequence, the acquisition part of
the motion assessment technique. The flip angle a. is pref-
erably low. For reduction to practice =15 degrees were
used. Whereas higher values may work, blood inflow into
the imaged slice would bring the signal present for higher
flip angles out of steady state. As a result, signal variations
would no longer be a function of cavity size (and this cardiac
contraction) alone, but would be superimposed by flow
effects. These effects are advantageously reduced by lower-
ing the flip angle. However, in some embodiments these
flow effects may also be emphasized by using a high flip
angle on the order of 90 degrees so that periods with
maximal or minimal flow can be detected for setting optimal
timing of vascular imaging. The sequence is identical to a
standard SSFP sequence except that no phase encoding
gradient is played since projection data is acquired. The
preferred projection direction is head-foot or right-left. Only
one of these two options is available in a scanner’s slice
orientation framework. This depends on the exact slice
orientation and in-plane rotation prescribed. Anterior-poste-
rior projections should be avoided, as the bright chest fat can
reduce the sensitivity of motion-assessment based on bright
blood in the cavity. In some embodiments, a spoiled gradient
echo (GRE) sequence is used instead of a SSFP sequence.
Utilization of a GRE sequence would not require the leading
RR for establishment of steady state and, thus, may save one
RR-interval of the total duration of the motion assessment
technique. However, GRE images exhibit the typical “light-
ening effect” at the beginning of the RR-interval (the initial
cardiac phases have significantly brighter image intensity
than the later ones) and, as a result, a GRE sequence may not
be practical as pre-scan.

[0072] FIGS. 6-13 review the data processing part of the
motion assessment technique. FIG. 6 explains how projec-
tion pixels are selected to create a signal analogous to
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cardiac-contraction. Each projection-pixel is a function of
time and is available at p,,,. discrete time points p. In each
projection-pixel the minimum and the maximum signal
intensities are calculated across these time points. The
difference of maximum and minimum is calculated for each
projection-pixel as vector . Larger signal differences indi-
cate larger changes within the cardiac cycle and are thus
more likely projections that go through a (bright) blood
region such as the cavity. These projections are preferred as
cardiac contraction analog or surrogate signal. To capture a
representative sample of cardiac contraction signals and to
improve signal-to-noise (SNR) of the measured data the n
projections with the largest 3, are averaged. The reduction to
practice used n=10. The average projection pixel intensity as
function of time can be seen on the last (lower right) panel
of FIG. 6.

[0073] FIGS. 7A and 7B show a magnification of the first
(upper left) and the last panel of FIG. 6. More specifically,
FIG. 7A shows all projection pixels versus time points, and
FIG. 7B shows average pixel intensity of the n projection
pixels with the largest difference across time points plotted
versus time points.

[0074] FIGS. 8A and 8B describes the further processing
of the cardiac contraction-analog curve of FIG. 7B. FIG. 8A
is the result of temporal filtering of the curve from FIG. 7B
by a sliding window average filter. k=6 values were aver-
aged during the reduction to practice. The abscissae are
interchangeably time axis in milliseconds (ms) or unit less
time points axis. The actual data is discrete and saved in
vectors or matrices where discrete indices corresponding to
the discrete time points are used.

[0075] To create signal levels that are independent of a
specific patient’s SNR, the coils used, the field strength, and
the scanner manufacturer, the curve of FIG. 8A is normal-
ized to its averaged first k,, values after the R-wave (k,,=10
preferred). It can be assumed without limitation that the
cavity has its maximum size after the R-wave. Therefore the
signal is close to the maximum and is normalized to 1. The
normalized curve is seen in FIG. 8B. Normalizing is impor-
tant, because the following step depends on fixed number
thresholds that only work on normalized data.

[0076] FIG. 9A shows the derivative of the normalized
curve of FIG. 8B. This derivative represents a motion-
analog function. In addition to calculating the derivative, the
curve was also filtered by sliding window averaging (again
using k=6 values preferred). This may or may not be needed,
depending on the SNR of the acquired data. A derivative
depicts change over time, or motion. A derivative of zero
means “no-motion”. A small value of the derivative means
minimal motion. In this example, a region from -A/2 to +A/2
is defined as the “no-motion” region. We empirically found
a value of A=0.004 to work well in a broad selection of
patients with normal and diseased hearts, high, normal, and
low heart rates, of all ages and genders.

[0077] FIG. 9B shows a vector V1,,(p) which has each
time point tagged as possessing cardiac motion or not. If the
derivative is within =A/2 to +A/2 a point is tagged as having
“no-motion” and the respective vector element e is set to 1,
otherwise to 0. Note that the region between 600 ms and 720
ms has multiple oscillations between 0 and 1. These are
either caused by the noise in the signal or true rapid changes
in motion.

[0078] FIG. 10 shows the no-motion tagged vector on top,
the results of its median filtering in the middle, and the
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results of further processing according to temporal threshold
8 on the bottom, with two calculated “no-motion” regions
with respective start and end times. The top plot in FIG. 10
is identical to FIG. 9B. Because it is the goal of the motion
assessment technique to create continuous “no-motion”
regions, the above described oscillatory regions are not
wanted. They are removed by a median filter applied to
V1,,,p) resulting in V2, (p) shown in the middle plot FIG.
10. The preferred implementation filters across m=7 points.
The bottom plot in FIG. 10 shows the result of the third
filtering step, V3,,,p). This filter removes any no-motion
region that is shorter than a known threshold 6. We empiri-
cally found a value of 6=66 ms to work well for RR<600 ms
and 6=95 ms in the same varied patient population from
above. The filter removes the “no-motion” region right after
the R-wave as it is always shorter than the periods for
systolic and diastolic imaging. By making the value 0
shorter one can include shorter no-motion periods into the
no-motion vector, for example, imaging right at the R-wave

[0079] FIG. 11 shows the flow chart of an example algo-
rithm for calculating the number of “no-motion” regions
Oyppions a0d the selection of the “no-motion” window,
according to some embodiments of the present invention.
The first step creates the discrete temporal derivative v3'y,,
(p) by subtracting data of two consecutive time points:
V3 D)=V3 1, (0)-V3,,(p-1). The resulting vector has one
of three values -1 (transition from “no-motion” to motion
region), O (remaining in one region), and +1 (transition from
motion to “no-motion” region). By summing up the absolute
values of this vector the number of transitions is found. The
number of regions equals half the transitions. If a single
region is found then this always is a systolic region. This is
usually the case for high heart rates when the diastasis period
is too short to be used for imaging. If two regions are found,
one will be diastolic and the other systolic. A known user
preference would then decide on which of the windows to
use. For hearts that are, for example, severely dilated and
therefore hardly change shape during the cardiac cycle, more
than two “no-motion” regions may be found. By default, the
algorithm picks the longest of them. A known user prefer-
ence can be queried to change this behavior.

[0080] FIG. 12 shows an example flow chart for calculat-
ing the start and end times of all no-motion regions found,
according to some embodiment. This example also operates
on the temporally derived data and its possible values -1, 0,
and +1.

[0081] The results obtained by applying the algorithms
shown in FIGS. 11 and 12 to the data of FIGS. 7 to 10 were
as follows. One systolic and one diastolic region were found.
For the systolic region, the results were start time=346.92
ms; end_time=456.66 ms; and duration=113.28 ms. For the
diastolic region, the results were start_time=630.12 ms;
end_time=959.34 ms; and duration=332.76 ms. Comparison
with the cine of the same patient in FIG. 2 proves that the
algorithm calculated the “no-motion” regions correctly.

[0082] FIGS. 13 to 27 show data of three additional
patients. The comparisons of the motion assessment tech-
nique-provided “no-motion” region or regions with the
accompanying cines show the proper function of the motion
assessment technique.

[0083] FIG. 13 shows the cine frames of a dilated heart
with low ejection fraction and poor contractile function in a
short-axis view.
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[0084] FIGS. 14 to 17 show the data of this patient
processed by the same steps as in the previous example,
according to motion assessment technique principles. Thus,
FIG. 14A shows all projection pixels versus time points.
FIG. 14B shows the average pixel intensity of the n projec-
tion pixels with the largest difference across time points
plotted versus time points. FIG. 15A illustrates smoothing
data by sliding time window averaging, while FIG. 15B
illustrates the data normalizing step. FIG. 16A shows the
derivative of the normalized curve of FIG. 15B. FIG. 16B
shows a vector V1,,,(p) which has each time point tagged
as possessing cardiac motion or not. FIG. 17 shows the
no-motion tagged vector on top, the results of its median
filtering in the middle, and the results of further processing
according to temporal threshold 6 on the bottom, two
calculated “no-motion” regions with respective start and end
times.

[0085] FIG. 18 shows the cine frames of a third patient
with high heart rate (about 110 beats per minute) and an
extremely short period of diastasis, in a short-axis view.
[0086] FIGS. 19A to 22 show the data of this patient
processed by the same steps as in the previous example,
according to motion assessment technique principles. More
specifically, FIG. 19A shows all projection pixels versus
time points. FIG. 19B shows the average pixel intensity of
the n projection pixels with the largest difference across time
points plotted versus time points. FIG. 20A shows the data
smoothing by sliding time window averaging, and F1G. 20B
the normalizing of the smoothed data of FIG. 20A. FIG. 21A
shows the derivative of the normalized curve of FIG. 20B.
FIG. 21B shows a vector V1,,,(p) which has each time point
tagged as possessing cardiac motion or not. Finally, FIG. 22
shows the no-motion tagged vector on top, the results of its
median filtering in the middle, and the results of further
processing according to temporal threshold 0 on the bottom,
one calculated “no-motion” region with its respective start
and end_time. Note that the motion assessment technique
correctly identified only a systolic imaging region and no
diastolic region, because there was no or only an extremely
short motionless period present during diastole.

[0087] FIG. 23 shows the cine frames of a fourth patient
with a normal heart, in a long-axis view. The purpose of this
example is to demonstrate that the motion assessment tech-
nique works in different view orientations, not just short axis
views.

[0088] FIGS. 24 to 26B show the data of this patient
processed by the same steps as in the previous example,
according to motion assessment technique principles. FIG.
27 shows the no-motion tagged vector on top, the results of
its median filtering in the middle, and the results of further
processing according to temporal threshold 6 on the bottom,
two calculated “no-motion” regions with their respective
start and end times. The heart rate was relatively low and the
two motionless regions are therefore relatively long, as is
also observable in the cine frames. The motion assessment
technique correctly identified these regions regarding start,
duration, and end times.

[0089] The motion assessment technique described herein
provides various benefits over conventional technologies.
For example, the disclosed techniques can be used with an
ECG as well as with a pulse-oximetry “pulse-ox” trigger
system. Conventional vendor provided logic for setting
timing parameters to select the motionless period does not
work with a pulse-ox trigger, because its trigger signal is
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delayed relative to the R-wave, but the exact time delay is
unknown. The time delay is patient dependent and varies
even in a single patient based on the current heart rate, blood
pressure, vessel compliance, among other factors. The
motion assessment technique overcomes the problem of
unknown delay as it assesses motion relative to the provided
trigger signal and finds the motionless period relative to the
current trigger signal regardless of its source (ECG or
pulse-ox). Since the motion assessment technique is
executed immediately before the use-sequence, the found
timing parameters are current and optimal.

[0090] Another advantage of the motion assessment tech-
nique described herein is that it works for any given healthy
or diseased heart, because it analyzes the individual heart’s
motion and does not rely on properties of a normal heart. For
example, a dilated poorly contracting heart may have a
motionless period which occurs at a different time window
relative to the R-wave and which may be longer than in a
healthy heart, even for the same heart rate. Therefore an
algorithm based on a healthy heart’s RR duration would not
reliably set the no-motion window, but the motion assess-
ment technique finds it, because it operates on data measured
in the actual patient rather than on a-priori knowledge
obtained from a normal heart

[0091] FIG. 28 shows a system 2800 for ordering acqui-
sition of frequency domain components representing MR
image data for storage in a k-space storage array, as used by
some embodiments of the present invention. In system 2800,
magnetic coils 12 create a static base magnetic field in the
body of patient 11 to be imaged and positioned on a table.
Within the magnet system are gradient coils 14 for produc-
ing position dependent magnetic field gradients superim-
posed on the static magnetic field. Gradient coils 14, in
response to gradient signals supplied thereto by a gradient
and shim coil control module 16, produce position depen-
dent and shimmed magnetic field gradients in three orthogo-
nal directions and generates magnetic field pulse sequences.
The shimmed gradients compensate for inhomogeneity and
variability in an MR imaging device magnetic field resulting
from patient anatomical variation and other sources. The
magnetic field gradients include a slice-selection gradient
magnetic field, a phase-encoding gradient magnetic field and
a readout gradient magnetic field that are applied to patient
11.

[0092] Further RF (radio frequency) module 20 provides
RF pulse signals to RF coil 18, which in response produces
magnetic field pulses which rotate the spins of the protons in
the imaged body of the patient 11 by ninety degrees or by
one hundred and eighty degrees for so-called “spin echo”
imaging, or by angles less than or equal to 90 degrees for
so-called “gradient echo” imaging. Gradient and shim coil
control module 16 in conjunction with RF module 20, as
directed by central control unit 26, control slice-selection,
phase-encoding, readout gradient magnetic fields, radio fre-
quency transmission, and magnetic resonance signal detec-
tion, to acquire magnetic resonance signals representing
planar slices of patient 11.

[0093] Inresponse to applied RF pulse signals, the RF coil
18 receives MR signals, i.e., signals from the excited protons
within the body as they return to an equilibrium position
established by the static and gradient magnetic fields. The
MR signals are detected and processed by a detector within
RF module 20 and k-space component processor unit 34 to
provide an MR dataset to an image data processor for
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processing into an image. In some embodiments, the image
data processor is located in central control unit 26. However,
in other embodiments such as the one depicted in FIG. 1, the
image data processor is located in a separate unit 27. ECG
synchronization signal generator 30 provides ECG signals
used for pulse sequence and imaging synchronization. A two
or three dimensional k-space storage array of individual data
elements in k-space component processor unit 34 stores
corresponding individual frequency components comprising
an MR dataset. The k-space array of individual data ele-
ments has a designated center and individual data elements
individually have a radius to the designated center.

[0094] A magpetic field generator (comprising coils 12, 14
and 18) generates a magnetic field for use in acquiring
multiple individual frequency components corresponding to
individual data elements in the storage array. The individual
frequency components are successively acquired in an order
in which radius of respective corresponding individual data
elements increases and decreases along a substantially spiral
path as the multiple individual frequency components are
sequentially acquired during acquisition of an MR dataset
representing an MR image. A storage processor in the
k-space component processor unit 34 stores individual fre-
quency components acquired using the magnetic field in
corresponding individual data elements in the array. The
radius of respective corresponding individual data elements
alternately increases and decreases as multiple sequential
individual frequency components are acquired. The mag-
netic field acquires individual frequency components in an
order corresponding to a sequence of substantially adjacent
individual data elements in the array and the magnetic field
gradient change between successively acquired frequency
components is substantially minimized.

[0095] Central control unit 26 uses information stored in
an internal database to process the detected MR signals in a
coordinated manner to generate high quality images of a
selected slice(s) of the body (e.g., using the image data
processor) and adjusts other parameters of system 2800. The
stored information comprises predetermined pulse sequence
and magnetic field gradient and strength data as well as data
indicating timing, orientation and spatial volume of gradient
magnetic fields to be applied in imaging. Generated images
are presented on display 40 of the operator interface. Com-
puter 28 of the operator interface includes a graphical user
interface (GUI) enabling user interaction with central con-
trol unit 26 and enables user modification of magnetic
resonance imaging signals in substantially real time. Display
processor 37 processes the magnetic resonance signals to
provide image representative data for presentation on dis-
play 40, for example.

[0096] The embodiments of the present disclosure may be
implemented with any combination of hardware and soft-
ware. In addition, the embodiments of the present disclosure
may be included in an article of manufacture (e.g., one or
more computer program products) having, for example,
computer-readable, non-transitory media. The media has
embodied therein, for instance, computer readable program
code for providing and facilitating the mechanisms of the
embodiments of the present disclosure. The article of manu-
facture can be included as part of a computer system or sold
separately.

[0097] While various aspects and embodiments have been
disclosed herein, other aspects and embodiments will be
apparent to those skilled in the art. The various aspects and
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embodiments disclosed herein are for purposes of illustra-
tion and are not intended to be limiting, with the true scope
and spirit being indicated by the following claims.

[0098] An executable application, as used herein, com-
prises code or machine readable instructions for condition-
ing a processor to implement predetermined functions, such
as those of an operating system, an imaging system (see €.g.,
FIG. 28) or other information processing system, for
example, in response to user command or input. An execut-
able procedure is a segment of code or machine readable
instruction, sub-routine, or other distinct section of code or
portion of an executable application for performing one or
more particular processes. These processes may include
receiving input data and/or parameters, performing opera-
tions on received input data and/or performing functions in
response to received input parameters, and providing result-
ing output data and/or parameters.

[0099] A graphical user interface (GUI), as used herein,
comprises one or more display images, generated by a
display processor and enabling user interaction with a pro-
cessor or other device and associated data acquisition and
processing functions. The GUI also includes an executable
procedure or executable application. The executable proce-
dure or executable application conditions the display pro-
cessor to generate signals representing the GUI display
images. These signals are supplied to a display device which
displays the image for viewing by the user. The processor,
under control of an executable procedure or executable
application, manipulates the GUI display images in response
to signals received from the input devices. In this way, the
user may interact with the display image using the input
devices, enabling user interaction with the processor or other
device.

[0100] The functions and process steps herein may be
performed automatically or wholly or partially in response
to user command. An activity (including a step) performed
automatically is performed in response to one or more
executable instructions or device operation without user
direct initiation of the activity.

[0101] The system and processes of the figures are not
exclusive. Other systems, processes and menus may be
derived in accordance with the principles of the invention to
accomplish the same objectives. Although this invention has
been described with reference to particular embodiments, it
is to be understood that the embodiments and variations
shown and described herein are for illustration purposes
only. Modifications to the current design may be imple-
mented by those skilled in the art, without departing from
the scope of the invention. As described herein, the various
systems, subsystems, agents, managers and processes can be
implemented using hardware components, software compo-
nents, and/or combinations thereof. No claim element herein
is to be construed under the provisions of 35 U. S. C. 112(f),
unless the element is expressly recited using the phrase
“means for.”

We claim:

1. A method for determining time periods of minimal
motion of a physiologic organ relative to a trigger of a
physiologic triggering signal and within a triggering cycle,
the method comprising

monitoring the physiologic triggering signal associated

with a patient;
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using an MRI cine pulse sequence to acquire a temporal
series of projections across a region of interest com-
prising an organ of interest; and

analyzing the temporal series of projections to determine
one or more times relative to a trigger provided by the
physiologic triggering signal during which motion of
the organ of interest is below a predefined threshold,
wherein motion of the organ of interest is assessed by
a process comprising:

(a) creating a signal intensity versus time curve of one
pixel or an average of multiple pixels included in the
temporal series of projections,

(b) applying a noise filter and normalization to the signal
intensity versus time curve to yield a filtered and
normalized time curve,

(c) determining the temporal derivative of the filtered and
normalized time curve to yield a motion-analog func-
tion, and

(d) evaluating the absolute value of the motion-analog
function for being smaller than the predefined threshold
to determine the one or more times.

2. The method of claim 1, wherein the projections are
repeatedly acquired at same locations at consecutive times
during at least 90% of one triggering cycle.

3. The method of claim 1, wherein the signal intensity
versus time curve is an average of a plurality of pixels in
each projection in the series of projections across all time
points.

4. The method of claim 1, wherein the motion-analog
function is averaged across time with sliding window aver-
aging in which a sliding window is applied to a number of
consecutive elements and is moved along entire the motion-
analog function.

5. The method of claim 1, further comprising:

tagging elements for which an absolute value of the
derivative is below a predefined threshold as having no
motion in a tag-vector comprising a same number of
elements as a motion-analog function.

6. The method of claim 5, wherein a sliding median filter
is applied to the tag-vector and moved along the entire
tag-vector creating a median-filtered tag-vector.

7. The method of claim 6, wherein the median-filtered
tag-vector is further filtered replacing its no-motion tagged
regions that are shorter than a minimum duration by motion
tagged regions.

8. The method of claim 7, wherein the minimum duration
depends on duration of the triggering cycle.

9. The method of claim 7, further comprising:

calculating a number of no-motion regions and their
respective start and end times from the tag-vector and,

saving the number of no-motion regions and their respec-
tive start and end times as timing data.

10. A system for determining time periods of minimal
motion of a physiologic organ relative to a trigger of a
physiologic triggering signal and within a triggering cycle,
the system comprising

a physiologic monitoring device configured to monitor
the physiologic triggering signal associated with a
patient;

an MRI scanner configured to use an MRI cine pulse
sequence to acquire a temporal series of projections
across a region of interest comprising an organ of
interest; and
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a data processor configured to analyze the temporal series
of projections to determine one or more times relative
to a trigger provided by the physiologic triggering
signal during which motion of the organ of interest is
below a predefined threshold, wherein motion of the
organ of interest is assessed by a process comprising:
(a) creating a signal intensity versus time curve of one

pixel or an average of multiple pixels included in the
temporal series of projections,

(b) applying a noise filter and normalization to the
signal intensity versus time curve to yield a filtered
and normalized time curve,

(¢) determining the temporal derivative of the filtered
and normalized time curve to yield a motion-analog
function, and

(d) evaluating the absolute value of the motion-analog
function for being smaller than the predefined thresh-
old to determine the one or more times.

11. The system of claim 10, wherein the triggering cycle

is an RR-interval.

12. The system of claim 10, wherein the physiologic

triggering signal is an electrocardiogram.

13. The system of claim 10, wherein the physiologic

triggering signal is a pulse oximetry signal.

14. The system of claim 10, wherein the physiologic

triggering signal is an acoustic heart signal.

15. The system of claim 10, wherein the physiologic

triggering signal is a respiratory signal.

16. The system of claim 10, wherein the physiologic

organ is a heart.

17. The system of claim 10, wherein the MRI cine pulse

sequence is a steady state free precession (SSFP) sequence.

18. The system of claim 10, wherein the MRI cine pulse

sequence is a gradient echo (GRE) sequence.

19. The system of claim 10, wherein the series of pro-

jections comprises two orthogonal projections acquired in
alternating manner.

May 30, 2019

20. The system of claim 10, wherein the series of pro-
jections comprises three orthogonal projections acquired in
alternating manner.

21. The system of claim 10, wherein the MRI cine pulse
sequence is prospectively triggered.

22. The system of claim 10, wherein the MRI cine pulse
sequence is retrospectively gated.

23. An article of manufacture for determining time peri-
ods of minimal motion of a physiologic organ relative to a
trigger of a physiologic triggering signal and within a
triggering cycle, the article of manufacture comprising a
computer-readable, non-transitory medium holding com-
puter-executable instructions for performing a method com-
prising:

using an MRI cine pulse sequence to acquire a temporal
series of projections across a region of interest com-
prising an organ of interest; and

analyzing the temporal series of projections to determine
one or more times relative to a trigger provided by the
physiologic triggering signal during which motion of
the organ of interest is below a predefined threshold,
wherein motion of the organ of interest is assessed by
a process comprising:

(a) creating a signal intensity versus time curve of one
pixel or an average of multiple pixels included in the
temporal series of projections,

(b) applying a noise filter and normalization to the signal
intensity versus time curve to yield a filtered and
normalized time curve,

(c) determining the temporal derivative of the filtered and
normalized time curve to yield a motion-analog func-
tion, and

(d) evaluating the absolute value of the motion-analog
function for being smaller than the predefined threshold
to determine the one or more times.
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