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FIG. 3

(57) Abstract: Systems and methods are provided for detecting motion in an imaging system. A time series of volumetric images of
a region of interest are captured at the imaging system. Each volumetric image of the time series of volumetric images is captured as
a series of two-dimensional slices of the region of interest. A representative value is calculated for each voxel to create a representat -
ive volumetric dataset representing the region of interest. For each slice of the series of two-dimensional slices, a simulated volumet -
ric time series is generated, including time series data for the slice and the calculated representative value at all times for the other
slices of the series of two-dimensional slices. A volumetric registration is performed on each of the simulated volumetric time series
to provide a set of estimated motion parameters for the slice associated with the simulated volumetric time series.
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MOTION CORRECTED IMAGING SYSTEM

RELATED APPLICATIONS
[0001] This application claims priority from U.S. Patent Application Serial
No. 62/158,017, filed 7 May 2015, which is incorporated herein in its entirety.

TECHNICAL FIELD
[0002] This invention relates to medical systems, and more particularly, to a

motion corrected imaging system.

BACKGROUND
[0003] Magnetic resonance imaging (MRI) is a medical imaging technique
used in radiology to visualize detailed internal structures. MRI makes use of the
property of nuclear magnetic resonance to image nuclei of atoms inside the body.
An MRI machine uses a powerful magnetic field to align the magnetization of some
atoms in the body, and radio frequency fields to systematically alter the alignment of
this magnetization. This causes the nuclei to produce a rotating magnetic field
detectable by the scanner, which can be detected and used to construct an image of
the scanned area of the body. Strong magnetic field gradients cause nuclei at
different locations to rotate at different speeds, and thus three-dimensional spatial
information can be obtained by providing gradients in each direction.
[0004] MRI can be used to capture a sequence of three-dimensional images
acquired over time, for example, to review the response of a given part of the body,
such as the brain, to an applied stimulus. In a common embodiment of this form of
MRI, the image contrast can be made sensitive to blood oxygenation, and is typically
used to image brain tissue. This is most often called blood oxygenation level
dependent (BOLD) contrast, and is used for identifying brain regions that are
functionally relevant for particular tasks or are functionally related by similar contrast
changes (functional MRI). Functional MRI involves the acquisition of a sequence of

three-dimensional volumes of images.
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[0005] In typical practice, the acquisition of several to hundreds of volumes
takes place over several minutes, each volume being acquired over a few seconds,
resulting in a time series of three-dimensional volumes. Each volume acquisition is
most commonly acquired as a stack of two-dimensional slices of images, with each
two-dimensional image or images being acquired in 50-200 milliseconds, and with a
time delay between some or all of the slices, such that one slice may be acquired
near the beginning of the volume acquisition while another slice may be acquired
near the end of the volume acquisition. In typical practice, the slices are acquired at
time delays that are linearly spaced within the volume acquisition. During the data
acquisition, it is possible and in fact very common that the head and brain will move
to a different position and orientation. The effect of motion on BOLD signal level is
complex and will result in signal changes that are due to the motion and not due to
changes in BOLD contrast. These are termed motion artifact signals and the
presence of more than only a few hundred microns of motion can result in corrupted

data.

SUMMARY OF THE INVENTION
[0006] In accordance with an aspect of the present invention, a method is
provided for detecting motion in an imaging system. A time series of volumetric
images of a region of interest are captured at the imaging system. Each volumetric
image of the time series of volumetric images is captured as a series of two-
dimensional slices of the region of interest. A representative value is calculated for
each voxel of the series of two-dimensional slices to create a representative
volumetric dataset representing the region of interest. For each slice of the series of
two-dimensional slices, a simulated volumetric time series is generated, including
time series data for the slice and the calculated representative value at all times for
the other slices of the series of two-dimensional slices. A volumetric registration is
performed on each of the simulated volumetric time series to provide a set of
estimated motion parameters for the slice associated with the simulated volumetric

time series.
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[0007] In accordance with another aspect of the present invention, a magnetic
resonance imaging (MRI) system is provided. A magnetic resonance imaging
scanner is configured to capture a time series of volumetric images of a region of
interest at the imaging system. Each volumetric image of the time series of
volumetric images is captured as a series of two-dimensional slices of the region of
interest. A system control includes a processor and a non-transitory computer
readable medium storing instructions executable by the processor. The instructions
include a volume simulator configured to calculate a representative value for each
voxel over time to create a representative volumetric dataset representing the region
of interest and generate, for each slice of the series of two-dimensional slices, a
simulated volumetric time series including time series data for the slice and the
calculated representative value at all times for the other slices of the series of two-
dimensional slices. A slice-to-volume registration component is configured to
perform a volumetric registration on each of the simulated volumetric time series to
provide a set of estimated motion parameters for the slice associated with the
simulated volumetric time series. A correction component is configured to
determine, for each of a plurality of voxels in the region of interest, a time series of
voxel motion parameters from the set of estimated motion parameters associated
with the slice of the series of two-dimensional slices to which the voxel belongs and
the position of the voxel within the series of two-dimensional slices, perform a
regression analysis on each time series of voxel signal values using an appropriate
parameterization of the motion parameters, determined for the plurality of voxels in
the region of interest, to provide a regression model representing the time series,
and subtract a set of values generated from the regression model from the time
series of volumetric images to provide a set of residual values representing a set of
motion corrected volumetric images.
[0008] In accordance with yet another aspect of the present invention, a
magnetic resonance imaging scanner is configured to capture a time series of
volumetric images of a region of interest at the imaging system. Each volumetric
image of the time series of volumetric images is captured as a series of two-
dimensional slices of the region of interest. A system control includes a processor
3
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and a non-transitory computer readable medium storing instructions executable by
the processor. The instructions include a volume simulator configured to calculate a
representative value for each voxel over time to create a representative volumetric
dataset representing the region of interest and generate, for each slice of the series
of two-dimensional slices, a simulated volumetric time series including time series
data for the slice and the calculated representative value at all times for the other
slices of the series of two-dimensional slices. A slice-to-volume registration
component is configured to perform a volumetric registration on each of the
simulated volumetric time series to provide a set of estimated motion parameters for
the slice associated with the simulated volumetric time series. The set of estimated
motion parameters include a first time series representing rotation around a first axis
within a plane of the slice, a second time series representing rotation around second
axis within a plane of the slice and perpendicular to the first axis, and a third time
series representing a translation along a third axis normal to the plane of the slice. A
slicewise normalization component is configured to calculate a first measure of
variation for the first time series, calculate a second measure of variation for the
second time series, calculate a third measure of variation for the third time series,
divide each value in the first time series by the first measure of deviation to provide a
first normalized time series, divide each value in the second time series by the
second measure of deviation to provide a second normalized time series, and divide
each value in the third time series by the third measure of deviation to provide a third

normalized time series.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] FIG. 1 illustrates one example of an imaging system in accordance with
an aspect of the present invention;
[0010] FIG. 2 illustrates an example of an MRI imaging system in accordance
with an aspect of the present invention;

[0011] FIG. 3 illustrates method for detecting motion in an imaging system;
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[0012] FIG. 4 illustrates a method for applying motion correction to a time
series of volumetric images from a set of estimated motion data, such as that
generated in FIG. 3;

[0013] FIG. 5 illustrates a method for characterizing motion in a time series of
volumetric images from a set of estimated motion data, such as that generated in
FIG. 3; and

[0014] FIG. 6 is a schematic block diagram illustrating an exemplary system of
hardware components capable of implementing examples of the systems and
methods disclosed in FIGS. 1-5.

DETAILED DESCRIPTION
[0015] As of this date, there is no effective solution to either reliably identify
motion corruption events or account for the motion-related signal artifact from the
data. Existing methods assume motion is synchronized to the volume acquisition
because in the past, no algorithm existed to obtain the motion of the individual two-
dimensional slices within the three-dimensional volume. Existing methods to obtain
motion of an object consist of resampling the three-dimensional grid of data acquired
at each volume such that the resampled data best matches a template three-
dimensional grid containing images of said object. In existing methods, this
resampling is a rigid-body transformation with six degrees of freedom (DOF),
corresponding to x-axis, y-axis and z-axis translation and x-axis, y-axis and z-axis
rotation. These six DOF fully describe changes in position and orientation that are
physically possible for objects that do not undergo any spatial changes in structure.
[0016] The inventors have determined a method to obtain these slice motions,
where this method is to be used with data acquired using a three-dimensional
imaging device such as, but not limited to, an MRI scanner or a positron emission
tomography (PET) scanner or a computed tomography (CT) scanner. This invention
can be used to obtain the motion of the individual two-dimensional slices within the
three-dimensional volume, specifically the six degree of freedom motion parameters
for a sequence of individual two-dimensional slices within a sequence of three-
dimensional imaging volumes or stack of slices.

5
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[0017] If the sequences of motion of the two-dimensional slices are known, it
is possible to model the motion-related signal changes using these motion
parameters. In typical BOLD-weighted MRI data acquired as a stack of two-
dimensional slices, any relative motion between the object and image sampling grid
will result in signal artifact from several different physical sources. One such source
is the change in partial volume of the sampling grid from volume to volume for a
particular slice. The partial volume artifact arises from a shifted sampling grid such
that a given plurality of tissues sampled at one time point in one volume voxel (voxel)
is sampled differently in space at a later time such that said voxel samples a different
plurality of tissue at this later time, giving rise to a signal change that is proportional
to the resampled underlying signal intensity of those tissues under this changed
sampling grid. This artifact can be ameliorated by resampling the sampling grid
retrospectively (after data acquisition) such that the sampling grid remains at a given
spatial location and orientation rather than moving with the relative motion between
object and sampling grid.
[0018] A different source of artifact is spin history artifact. This is a nonlinear
effect of changing the data acquisition grid prior to spin excitation, and arises
because the timing of spin excitations is disrupted. This and other nonlinear signal
changes that arise due to motion, such as image warping signal changes due to
motion and receive & transmit field contrast changes due to motion, can be modeled
using an effective parameterization of the motion vectors. The inventors have
determined that it is useful to incorporate adjacent slice motion in the
parameterization. The adjacent slice motion is a used because motion of a slice into
the plane of the adjacent slice will affect subsequent signal level obtained from that
adjacent slice. Therefore, in one implementation, the regression model includes
adjacent slice motion as one of the covariates.
[0019] If the sequences of motion of the two-dimensional slices within the
three-dimensional volumes of data are known, the inventors have determined that it
is possible to characterize the motion with a metric that is sensitive to the expected
level of corruption or sensitive to the presence of corruption in the data. Anideal
characterization of motion corruption has a one-to-one correspondence between the
6
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metric and the effect on the resulting image data analysis, but there is unlikely to be
any one solution that fits all of them while maximizing sensitivity and specificity. In
one embodiment, the average voxel displacement can be computed across the
object by applying a trigonometric conversion to the slice’s six degree of freedom
motion parameters, and averaging the resulting sum of squares of the voxel
translation at each voxel at corners of a cube approximately the size of the object of
interest, such as the brain. This metric is sensitive to motion at the slice level and to
the resulting BOLD sensitivity reduction.

[0020] Accordingly, systems and method are provided for obtaining the
position and orientation of parts of images of an object within three-dimensional
volume of images of the object with respect to a reference three-dimensional volume
of images of the object. For example, where a three-dimensional volume of images
are acquired using a magnetic resonance imaging (MRI) device, the position and
orientation of the object may change during the course of acquiring said volume of
images, as the series of three-dimensional volumes of images may be acquired over
time. One implementation of the algorithm uses two stages of coregistration. First, a
three degree of freedom resampling correction to a template is performed. This is a
rigid-body resampling, with the possible resampling grid is restricted to motion within
the plane of the slice acquisition (in-plane). Motion within the plane of a two-
dimensional slice acquisition consists of the two translations within the plane and a
rotation about the axis perpendicular to the plane. This represents a slicewise, in-
plane motion correction. This process only corrects for partial volume effects within
the plane of slice acquisition.

[0021] Next, the in-plane corrected data are passed to a volumetric
registration, but this is done separately for each slice to produce out-of-plane motion
parameters that are sufficient for capturing the temporal variance. The three
degrees of freedom representing out-of-plane motion parameters consist of
translation along the axis perpendicular to the slice plane and rotations about the two
axes comprising the plane. The out-of-plane motion estimates can be normalized in

variance to match the variance of in-plane parameters.
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[0022] The invention reduced to practice, but not limited to, consists of the
creation of a regression matrix specific to each voxel, which is then regressed
against the signal changes and can be removed using subtraction or used as
regressors of no interest. The regression matrix for a given voxel within a given slice
is created by first converting the 6 DOF motion parameters of that given slice to the 3
DOF translational motion (e.g. x-, y- and z-translation) of that given voxel. These
individual voxel translations are used to construct the regression matrix. In the
implementation reduced to practice, but not limited to, the matrix is composed of 12
covariates: the 3 Cartesian translation vectors (x-, y- and z-translation), their
squares, their lagged-by-one representations and the motion of the voxels in the
adjacent slices into the slice of interest.
[0023] FIG. 1 illustrates one example of an imaging system 10 in accordance
with an aspect of the present invention. The imaging system 10 includes an imager
12 configured to capture a time series of volumetric images of a region of interest at
the imaging system. Accordingly, the values of each voxel within the volume are
represented as a time series of values, such as intensity or attenuation values, such
that the time series of volumetric images are essentially four-dimensional, with the
time-series representing voxels across the three spatial dimensional of the volume
across time. Each volumetric image of the time series of volumetric images is
captured as a series of two-dimensional slices of the region of interest. The
positions of the two-dimensional slices are consistent, absent motion, across the
entire time series, so each of the two-dimensional slices can be represented as its
own three-dimensional time series that is a proper subset of the time series of
volumetric images, with the time-series representing voxels across the two spatial
dimensional of the slice across time. The imager 12 can be any appropriate imaging
system for capturing such a time series, including a magnetic resonance imaging
(MRI) scanner, a positron emission tomography (PET) scanner, or a computed
tomography (CT) scanner. In one implementation, the imager 12 can be an MRI
scanner utilized in functional MRI arrangement.
[0024] A system control 20 processes the captured imaging data to recognize
motion error within the data. To this end, the system control 20 includes a processor
8
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22 and a non-transitory computer readable medium 30 storing instructions
executable by the processor to perform the motion correction. A volume simulator
32 is configured to calculate a representative value for each voxel over time to create
a representative volumetric dataset representing the region of interest and generate,
for each slice of the series of two-dimensional slices, a simulated volumetric time
series including time series data for the slice and the calculated representative value
at all times for the other slices of the series of two-dimensional slices. Essentially,
each two-dimensional slice is represented by its own simulated volumetric time
series in which only the time series associated with the two-dimensional slice is
dynamic, with each other voxel in the volume, that is, the voxels associated with the
other two-dimensional slices, represented as a constant value, the representative
value for the voxel, across the entire time series. The representative value can
include, for example, any of an average value (e.g., mean, median, or mode) across
the volume acquisition, an average value across a subset of the volume acquisition,
an initial value, a final value, or a value associated with a specific series of acquired
slices.
[0025] The simulated volumetric datasets are then provided to a slice-to-
volume registration component 34 configured to perform a volumetric registration on
each of the simulated volumetric time series to provide a set of estimated motion
parameters for the slice associated with the simulated volumetric time series. For
example, the estimated motion parameters can include a time series representing
the motion of each voxel within the slice across the volume acquisition. In one
implementation, the slice-to-volume registration component 34 can utilize the
volumetric registration only to determine motion parameters for motion out of the
plane of the slice, that is, translations along an axis normal to the plane of the slice
and rotations around axes within the plane of the slice. In this implementation, in-
plane motion can be identified by coregistering each slice at each time to a set of
representative values for the slice to provide motion parameters for translation within
the plane of the slice and rotation around the axis normal to the plane of the slice.
The representative value can include, for example, any of an average value (e.g.,
mean, median, or mode) across the volume acquisition, an average value across a
9
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subset of the volume acquisition, an initial value, a final value, or a value associated
with a specific series of acquired slices.
[0026] The set of estimated motion parameters for the out-of-plane motion is
sufficient to indicate the direction of motion, but may not correctly identify the
amplitude of the motion. Accordingly, the inventors have determined that the
estimated motion parameters for each slice can be used to correct the motion via a
regression analysis on a data set derived from the estimated motion parameters to
provide a regression model representing the time series and subtract a set of values
generated from the regression model from the time series of volumetric images to
provide a set of residual values representing a set of motion corrected volumetric
data. Alternatively, information about the motion of the entire volume, as well as a
measure of deviation for each time series, can be used to normalize the time series
of motion data to appropriate amplitude values.
[0027] FIG. 2 illustrates an example of an MRI imaging system 50 in
accordance with an aspect of the present invention. The imaging system 50
includes a display 52, a magnetic resonance imaging (MRI) scanner 60, and a
system control 80. The MRI scanner 60 includes a main magnet 62, three
orthogonal gradient coils 64-66, and a radio frequency (RF) system 70. The main
magnet 62 is designed to provide a constant, homogeneous magnetic field. The
orthogonal gradient coils 64-66 are designed to provide three orthogonal,
controllable magnetic gradients used to acquire image data of a desired slice by
generating an encoded and slice-selective magnetic field. To this end, the gradient
coils 64-66 are arranged to establish a gradient field for implementing MRI imaging
based on the current provided by the gradient amplifier 68. The gradient coils 64-66
can be formed of a set of gradient coils along transverse axes, referred to herein as
the readout axis, the phase encoding axis, and the slice selection axis. The field
produced along each axis can be controlled via current applied to each gradient coill
64-66 by the gradient amplifier 68.
[0028] The RF system 70 can include an RF transmit coil 72 and an RF
receive coil 74 designed to transmit RF pulses and receive image data representing
the region of interest It will be appreciated, however, that an integrated transceiver
10
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coil (not shown) can be used in place of transmit coil 72 and receive coil 74. The RF
system 70 can generate an oscillating magnetic field via application of RF current to
the RF transmit coil 72. The RF transmit coil 72, for example, can apply RF pulses
to the region of interest according to the applied electrical current. The RF receive
coil 74 can convert a precessing magnetism at the region of interest to electrical
signals, which are provided to the system control 80.
[0029] The system control 80 can be implemented as dedicated hardware,
software stored on a non-transitory computer readable medium and executed by a
general purpose processor, or a combination of both. The system control 80
includes a sequence control 82 that is configured to control the gradient coils 64-66
and the RF system 70. For example, the sequence control 82 can provide control
signals to a gradient amplifier 68 that supplies variable current to each of the
orthogonal gradient coils 64-66 as well as the current supplied to the RF transmit coil
72. The system control 80 further comprises an image reconstruction component 84
that is configured to construct an image based on the data acquired from the RF
system 80. Each of the constructed image and the data from which it was
constructed can be stored at the system control 80. In the illustrated
implementation, the system control 80 can be configured to control the gradient coils
64-66 and the RF system 70 as to capture a time series of volumetric images of a
region of interest at the imaging system, for example, for use as a functional MRI
image. Each volumetric image of the time series of volumetric images is captured as
a series of two-dimensional slices of the region of interest.
[0030] The system control 80 can further include a motion correction
component 90 configured to correct the captured volumetric images for motion
during acquisition. The volumetric images are provided to an in-plane correction
component 92 configured to apply an initial, in-plane motion correction to the time
series of images. Specifically, the in-plane correction component 92 applies an
initial, volumetric motion correction to the captured time series of volumetric images
by coregistering each of the series of three-dimensional volumes to a representative
set of volumetric data, to provide for each of the series of three-dimensional
volumes, a set of motion corrected data. The representative set of volumetric data
11
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can include for each voxel, for example, any of an average value (e.g., mean,
median, or mode) across the volume acquisition, an average value across a subset
of the volume acquisition, an initial value, a final value, or a value associated with a
specific volumetric image.

[0031] It will be appreciated that this motion correction component corrects
only for motion within the plane of the slices, specifically partial volume effects within
the plane of slice acquisition. It does, however, provide useful motion data along
three degrees of freedom. Specifically, the in-plane correction component 92
provides a first time series representing translation along a first axis within a plane of
slice acquisition, a second time series representing translation along a second axis
within a plane of the slice and perpendicular to the first axis, and a third time series
representing a rotation around a third axis normal to the plane of the slice.
Accordingly, in one embodiment, these time series can be retained and used for
correction of the volumetric images.

[0032] In the illustrated implementation, detection of motion outside of the
plane of slice acquisition can be performed at a volume simulator 93 and a slice-to-
volume registration component 94. The volume simulator 93 is configured to
calculate a representative value for each voxel over time to create a representative
volumetric dataset representing the region of interest and generate, for each slice of
the series of two-dimensional slices, a simulated volumetric time series including
time series data for the slice and the calculated representative value at all times for
the other slices of the series of two-dimensional slices. Accordingly, each two-
dimensional slice is represented by its own simulated volumetric time series in which
only the time series associated with the two-dimensional slice is dynamic, with each
other voxel in the volume, that is, the voxels associated with the other two-
dimensional slices, represented as a constant value, the representative value for the
voxel, across the entire time series. The representative value can include, for
example, any of an average value (e.g., mean, median, or mode) across the volume
acquisition, an average value across a subset of the volume acquisition, an initial

value, a final value, or a value associated with a specific series of acquired slices.
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[0033] A slice-to-volume registration component 94 is configured to perform a
volumetric registration on each of the simulated volumetric time series to provide a
set of estimated motion parameters for the slice associated with the simulated
volumetric time series. In the illustrated implementation, the estimated motion
parameters can include a fourth time series representing rotation around the first
axis, a fifth time series representing rotation around the second axis, and a sixth time
series representing a translation along the third axis. The estimated motion
parameters for the out-of-plane motion are sufficient to indicate the direction of
motion, but may not correctly identify the amplitude of the motion. Accordingly,
these values can be provided to one or both of a correction component 96 and a
slicewise normalization component 98.

[0034] The correction component 96 is configured to determine, for each of a
plurality of voxels in the region of interest, a time series of motion parameters from
the set of estimated motion parameters associated with the slice of the series of two-
dimensional slices to which the voxel belongs and the position of the voxel within the
series of two-dimensional slices. Accordingly, each voxel can be represented as
respective time series of translations among first, second, and third axes. The
correction component 96 performs a regression analysis on each time series of
motion parameters to provide a regression model representing the time series. The
regression can be performed, for each voxel, over any of a number of regressors,
including translations in three dimensions, squared values for the translations, values
for voxels adjacent to the voxel, and delayed values (e.g., by one capture interval in
the time series) for the translations of the voxel or adjacent voxels. In another
implementation, simulated spin history and partial volume signals are generated from
the set of estimated motion parameters to determine a simulated signal level change
over time for each voxel due to motion artifact arising from spin history and partial
volume effects, and this signal is used as part of the regression. Once the model is
established, a set of values generated from the regression model is subtracted from
the time series of volumetric images to provide a set of residual values representing

a set of motion corrected parameters.
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[0035] The slicewise normalization component 98 normalizes the estimated
motion parameters according to a calculated measure of variation, such as a
standard deviation, variance, or interquartile range, to correct the amplitudes to
meaningful values. Accordingly, measures of variation for the each time series, and
each value of the time series can be divided by the measure of variation.
Alternatively or additionally, a total detected motion can be determined for the
volume itself, as well as for the in-plane motion parameters, for which accurate
amplitudes are available. A scaling factor for the out-of-plane parameters can be
determined such that an average of the motion across the slices for each degree of
freedom is equal to the motion for the entire volume.
[0036] In view of the foregoing structural and functional features described
above in FIGS. 1 and 2, example methodologies will be better appreciated with
reference to FIGS. 3-5. While, for purposes of simplicity of explanation, the
methodologies of FIGS. 3-5 are shown and described as executing serially, it is to be
understood and appreciated that the present invention is not limited by the illustrated
order, as some actions could in other examples occur in different orders and/or
concurrently from that shown and described herein.
[0037] FIG. 3 illustrates method 100 for detecting motion in an imaging
system. At 102, a time series of volumetric images of a region of interest are
captured at the imaging system. Each volumetric image of the time series of
volumetric images is captured as a series of two-dimensional slices of the region of
interest. At 104, a representative value for each voxel of the series of two-
dimensional slices is calculated to create a representative volumetric dataset
representing the region of interest. The representative set of volumetric data can
include for each voxel, for example, any of an average value (e.g., mean, median, or
mode) across the volume acquisition, an average value across a subset of the
volume acquisition, an initial value, a final value, or a value associated with a specific
volumetric image.
[0038] At 106, for each slice of the series of two-dimensional slices, a
simulated volumetric time series is generated, including time series data for the slice
and the calculated representative value at all times for the other slices of the series
14
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of two-dimensional slices. At 108, a volumetric registration is performed on each of
the simulated volumetric time series to provide a set of estimated motion parameters
for the slice associated with the simulated volumetric time series. Specifically, the
estimated motion parameters determined via the volumetric registration can
represent a direction of motion at each two-dimensional slice through the time series.
In one implementation, the volumetric registration at 108 can be used solely to
account for motion out of a plane of slice acquisition, such that the estimated motion
parameters include three time series, representing translation along an axis normal
to the plane of slice acquisition and rotation along each of the two axes parallel to
the plane of slice acquisition. In this implementation, data for the remaining degrees
of freedom are obtained from an in-plane correction, via a volumetric registration, on
the captured time series of volumetric imaged prior to the calculation of
representative values and the creation of the simulated volumetric time series at 104
and 106.
[0039] FIG. 4 illustrates a method 150 for applying motion correction to a time
series of volumetric images from a set of estimated motion data, such as that
generated in FIG. 3. The set of estimated motion parameters for the out-of-plane
motion is sufficient to indicate the direction of motion, but may not correctly identify
the amplitude of the motion. The method of FIG. 4 determines a motion corrected
time series of volumetric images from these estimated motion parameters. At 152, a
time series of motion parameters is determined for each of a plurality of voxels in the
region of interest from the set of estimated motion parameters associated with the
slice of the series of two-dimensional slices to which the voxel belongs and the
position of the voxel within the slice. Essentially, the estimated motion parameters
include six degrees of motions for each of the plurality of slices, but it will be
appreciated that rotation at a given slice will translate different voxels within the slice
differently. Accordingly, individual translations in three-dimensions can be
determined as a time series for each voxel from the known translations and rotations
of the slice and the position of the voxel relative to an origin of the rotation. So in
one implementation, each pixel is represented by three time series, representing
translations along each of three mutually orthogonal axes.
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[0040] At 154, a regression analysis is performed on each time series of
motion parameters, determined for the plurality of voxels in the region of interest, to
provide a regression model representing the time series. The results of the
regression analysis represent the actual motion of the pixel across the acquisition of
the time series of volumetric images. Accordingly, at 156 the set of values
generated from the regression model is subtracted from the time series of volumetric
images to provide a set of residual values representing a motion corrected time
series of volumetric images.
[0041] The regression model for each voxel can utilize any of a number of
regressions to model the pixel motion. In one implementation, the regressors
include a a first translation along a first axis, a second translation along a second
axis, perpendicular to the first axis, and a translation along a third axis, perpendicular
to each of the first and second axes, squared values of each of the first, second, and
third translations. Additionally or alternatively, the regression analysis can also
utilize at least one time series representing a motion parameter associated with an
adjacent voxel, such as a translation along one or more of the three axes. The
adjacent voxel can be associated with an adjacent voxel in a slice adjacent to the
slice to which the voxel belongs. In another implementation, the regressors can
include a delayed transformation of the first, second, or third translation that is
delayed by one interval in the time series of motion parameters for the voxel, or a
similar delayed transformation of the adjacent voxel translations, as well as squared
values for the delayed translations.
[0042] In another implementation, a more detailed, physics-based model of
motion artifact can be constructed using the estimated slice motion parameters, the
timing of the radiofrequency (RF) excitation pulses for each slice, the flip angle
profile across the slice of a slice excitation pulse, a three-dimensional volume of the
average magnetization signal level within each voxel, and a three-dimensional
volume containing the tissue longitudinal relaxation constants within each voxel.
Using this information and subsampling each voxel through the slice, or in the axis
perpendicular to the plane of the slice, generates a stack of subslices, that is, a slice
within the voxel, taken in the same plane as the slice plane, each with its own T1
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constant and steady-state magnetization signal level. For each subslice of a voxel,
the time sequence of excitations and flip angle of said excitations is computed using
the slice motion parameter describing the motion of said slice in the axis
perpendicular to the plane of the slice. The derived excitation history, baseline
magnetization and T1 values are passed into the Bloch equations for calculating the
nuclear magnetization as a function of time.
[0043] During the slice RF excitation for two-dimensional slice acquisition in
MRI, an RF pulse is amplified and directed over the transmit coil to excite water
hydrogen protons within each slice to a desired level of transverse magnetization,
also known as flip angle. During the RF excitation, a gradient coil is directed to apply
a gradient of magnetization in the direction perpendicular to the plane of slice
acquisition. The slice excitation pulse and this gradient are constructed such that the
precession frequency of the spins within a desired slice are resonant with the RF
excitation frequency, and thus only those spins within said desired slice become
excited to a desired flip angle. However, the selection of spins is imperfect, giving
rise to a profile of excitation flip angle that varies as a function of location across the
axis perpendicular to the slice acquisition plane. The RF excitation is then repeated
for at least one subsequent slice, which may or may not be located directly adjacent
to the previous slice, until the full desired stack of two-dimensional slices have been
acquired, and this process is then repeated for at least one subsequent volume in
the same manner, for as many volumes as are desired.
[0044] The ideal acquisition of there-dimensional stack of two-dimensional
slices results in an identical sequence of RF excitations across time for every spin
within the volume, with a variation in flip angle varying across the axis perpendicular
to the slice. However, in real data acquisition, there is always motion in the direction
perpendicular to the slice axis, and this disrupts the time sequence and location of
the slice profile with respect to the voxel. It is possible for a subslice portion of a
voxel that is acquired at the first RF pulse to then move in the direction perpendicular
to the slice plane such that its location is moved to the location where an adjacent
slice had been at the time of the first RF pulse, and for a second RF pulse that had
been intended to excite spins located at the adjacent slice to then unintentionally re-
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excite said subslice. Itis further possible for said subslice to move in the opposite
direction back through the original slice such that it is then located adjacent to the
original location but on the other side from said second slice, such that a third RF
pulse that had been intended to excite spins located at this second adjacent slice on
the other side of the first adjacent slice, and thereby unintentionally excite the
subslice a third time. The sequence of motion in the direction perpendicular to the
slice plane is arbitrary and therefore, this results in a proliferation of excitations that
are unique for subslices. Therefore, the computation of signal in the presence of
motion utilizes a sampling grid based on simulating signal evolution for numerous
smaller slices taken within each voxel, where each subslice is a slice of a voxel,
taken in the same plane as the slice plane.
[0045] The physics-based model is used to compute both the simulated signal
evolution, termed spin history simulation, and a simpler form of signal change based
purely on the change in sampling grid and the presumed average magnetization of
each voxel, termed partial volume simulation, for each subslice. The motion is then
used to resample the simulated spin history and partial volume signals according to
the voxel locations at each acquisition and thereby determine each voxel's simulated
signal level change over time due to motion artifact arising from spin history and
partial volume effects. These signals are used in the regression model to correct for
the presence of these motion artifacts.
[0046] FIG. 5 illustrates a method 180 for characterizing motion in a time
series of volumetric images from a set of estimated motion data, such as that
generated in FIG. 3. In the illustrated method 180, the set of estimated motion
parameters include a first time series representing rotation around a first axis within
a plane of the slice, a second time series representing rotation around second axis
within a plane of the slice and perpendicular to the first axis, and a third time series
representing a translation along a third axis normal to the plane of the slice. At 182,
respective measures of variation are calculated for the first, second, and third time
series. At 184, each value in each of the first, second, and third time series are
divided by the measure of deviation for the time series to provide respective
normalized time series. At 186, a temporal filter is applied to each of the first
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normalized time series, the second normalized time series, and the third normalized
time series.

[0047] At 188, a volumetric registration is performed on the time series of
volumetric images of the region of interest to produce volumetric motion parameters
for the entire region of interest. The motion parameters include at least a rotation of
the volume around the first axis, a rotation of the volume around the second axis,
and a translation along a third axis. At 190, the volumetric motion parameters are fit
to the first, second, and third normalized time series to provide a scaling factor for
each of the first, second, and third normalized time series. At 192, the values in
each of the first, second, and third normalized time series are multiplied by the
scaling factor associated with the time series.

[0048] FIG. 6 is a schematic block diagram illustrating an exemplary system
200 of hardware components capable of implementing examples of the systems and
methods disclosed in FIGS. 1-5, such as the system control 20 illustrated in FIG. 1.
The system 200 can include various systems and subsystems. The system 200 can
be a personal computer, a laptop computer, a workstation, a computer system, an
appliance, an application-specific integrated circuit (ASIC), a server, a server blade
center, a server farm, etc.

[0049] The system 200 can includes a system bus 202, a processing unit 204,
a system memory 206, memory devices 208 and 210, a communication interface
212 (e.g., a network interface), a communication link 214, a display 216 (e.g., a
video screen), and an input device 218 (e.g., a keyboard and/or a mouse). The
system bus 202 can be in communication with the processing unit 204 and the
system memory 206. The additional memory devices 208 and 210, such as a hard
disk drive, server, stand alone database, or other non-volatile memory, can also be
in communication with the system bus 202. The system bus 202 interconnects the
processing unit 204, the memory devices 206-210, the communication interface 212,
the display 216, and the input device 218. In some examples, the system bus 202
also interconnects an additional port (not shown), such as a universal serial bus
(USB) port.
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[0050] The processing unit 204 can be a computing device and can include an
application-specific integrated circuit (ASIC). The processing unit 204 executes a set
of instructions to implement the operations of examples disclosed herein. The
processing unit can include a processing core.

[0051] The additional memory devices 206, 208 and 210 can store data,
programs, instructions, database queries in text or compiled form, and any other
information that can be needed to operate a computer. The memories 206, 208 and
210 can be implemented as computer-readable media (integrated or removable)
such as a memory card, disk drive, compact disk (CD), or server accessible over a
network. In certain examples, the memories 206, 208 and 210 can comprise text,
images, video, and/or audio, portions of which can be available in formats
comprehensible to human beings.

[0052] Additionally or alternatively, the system 200 can access an external
data source or query source through the communication interface 212, which can
communicate with the system bus 202 and the communication link 214.

[0053] In operation, the system 200 can be used to implement one or more
parts of a therapeutic delivery system in accordance with the present invention.
Computer executable logic for implementing the diagnostic system resides on one or
more of the system memory 206, and the memory devices 208, 210 in accordance
with certain examples. The processing unit 204 executes one or more computer
executable instructions originating from the system memory 206 and the memory
devices 208 and 210. The term "computer readable medium" as used herein refers
to a medium that participates in providing instructions to the processing unit 204 for
execution, and can, in practice, refer to multiple, operatively connected apparatuses
for storing machine executable instructions.

[0054] What have been described above are examples of the present
invention. ltis, of course, not possible to describe every conceivable combination of
components or methodologies for purposes of describing the present invention, but
one of ordinary skill in the art will recognize that many further combinations and
permutations of the present invention are possible. Accordingly, the present

20



WO 2016/179585 PCT/US2016/031469

invention is intended to embrace all such alterations, modifications, and variations

that fall within the scope of the appended claims.
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CLAIMS
What is claimed is:

1. A method for detecting motion in an imaging system, the method comprising:

capturing a time series of volumetric images of a region of interest at the
imaging system, each volumetric image of the time series of volumetric images being
captured as a series of two-dimensional slices of the region of interest;

calculating a representative value for each voxel of the series of two-
dimensional slices to create a representative volumetric dataset representing the
region of interest;

generating, for each slice of the series of two-dimensional slices, a simulated
volumetric time series including time series data for the slice and the calculated
representative value at all times for the other slices of the series of two-dimensional
slices; and

performing a volumetric registration on each of the simulated volumetric time
series to provide a set of estimated motion parameters for the slice associated with

the simulated volumetric time series.

2. The method of claim 1, further comprising:

determining, for each of a plurality of voxels in the region of interest, a time
series of translations from the set of estimated motion parameters associated with
the slice of the series of two-dimensional slices to which the voxel belongs and the
position of the voxel within the slice;

performing a regression analysis on each time series of translations,
determined for the plurality of voxels in the region of interest, to provide a regression
model representing the time series; and

subtracting a set of values generated from the regression model from the time
series of volumetric images to provide a set of residual values representing a motion

corrected time series of volumetric images.
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3. The method of claim 2, wherein performing the regression analysis on the
time series of translations for a given voxel comprises performing the regression
analysis on the time series of translations for the voxel and at least one time series

associated with an adjacent voxel.

4. The method of claim 3, wherein the at least one time series associated with
an adjacent voxel is associated with an adjacent voxel in a slice adjacent to the slice
to which the voxel belongs.

5. The method of claim 4, wherein performing the regression analysis on the
time series of translations for a given voxel comprises performing the regression
analysis on the time series of translations using a plurality of regressors comprising a
first translation along a first axis, a second translation along a second axis,
perpendicular to the first axis, and a translation along a third axis, perpendicular to
each of the first and second axes, squared values of each of the first, second, and
third translations, and an adjacent voxel value representing a translation along the
first axis for the adjacent voxel.

6. The method of claim 2, wherein performing the regression analysis on the
time series of translations for a given voxel comprises performing the regression
analysis on the time series of translations using a plurality of regressors comprising a
first translation along a first axis, a second translation along a second axis,
perpendicular to the first axis, and a translation along a third axis, perpendicular to
each of the first and second axes, squared values of each of the first, second, and
third translations, a delayed transformation of the first translation that is delayed by

one interval in the time series of translations for the voxel.
7. The method of claim 2, further comprising:

resampling simulated spin history and partial volume signals according to the

set of estimated motion parameters to determine a simulated signal level change
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over time for each voxel due to motion artifact arising from spin history and partial
volume effects;

wherein performing the regression analysis on the time series of translations
for a given voxel comprises performing the regression analysis on the time series of
translations using a plurality of regressors comprising the simulated signal level
change.

8. The method of claim 1, further comprising applying an in-plane motion
correction to the captured time series of volumetric images by coregistering each
two-dimensional slice at each time to a set of representative values for the slice to
provide motion parameters comprising, for each of the series of two-dimensional
slices, a first time series representing translation along a first axis within a plane of
the slice, a second time series representing translation along a second axis within a
plane of the slice and perpendicular to the first axis, and a third time series

representing a rotation around a third axis normal to the plane of the slice.

9. The method of claim 8, wherein the set of estimated motion parameters
comprise a fourth time series representing rotation around the first axis, a fifth time
series representing rotation around the second axis, and a sixth time series
representing a translation along the third axis and the method further comprises:
determining, for each of a plurality of voxels in the region of interest, a time
series of motion parameters derived from the first time series for the slice of the
series of two-dimensional slices to which the voxel belongs, the second time series
for the slice of the series of two-dimensional slices to which the voxel belongs, the
third time series for the slice of the series of two-dimensional slices to which the
voxel belongs, the fourth time series for the slice of the series of two-dimensional
slices to which the voxel belongs, the fifth time series for the slice of the series of
two-dimensional slices to which the voxel belongs, and the sixth time series for the
slice of the series of two-dimensional slices to which the voxel belongs, and the

position of the voxel within the series of two-dimensional slices;
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performing a regression analysis on each time series of motion parameters,
determined for the plurality of voxels in the region of interest, to provide a regression
model representing the time series; and

subtracting a set of values generated from the regression model from the time
series of volumetric images to provide a set of residual values representing a set of

motion correction parameters.

10. The method of claim 1, further comprising:

applying an initial, volumetric motion correction to the captured time series of
volumetric images by coregistering each of the series of three-dimensional volumes
to a representative set of volumetric data, to provide for each of the series of three-
dimensional volumes, a set of motion correction data; and

applying the set of motion correction data to the captured time series of
volumetric images before calculating a representative value for each voxel of the

series of two-dimensional slices.

11.  The method of claim 1, wherein the set of estimated motion parameters
comprise a first time series representing rotation around a first axis within a plane of
the slice, a second time series representing rotation around second axis within a
plane of the slice and perpendicular to the first axis, and a third time series
representing a translation along a third axis normal to the plane of the slice, the
method further comprising:

calculating a first measure of variation for the first time series;

calculating a second measure of variation for the second time series;

calculating a third measure of variation for the third time series;

dividing each value in the first time series by the first measure of deviation to
provide a first normalized time series;

dividing each value in the second time series by the second measure of
deviation to provide a second normalized time series; and

dividing each value in the third time series by the third measure of deviation to
provide a third normalized time series.
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12.  The method of claim 11, further comprising:

performing a volumetric registration on the time series of volumetric images of
the region of interest to produce volumetric motion parameters for the entire region
of interest, the motion parameters including at least a rotation of the volume around
the first axis, a rotation of the volume around the second axis, and a translation
along a third axis;

fitting the volumetric motion parameters to the first, second, and third
normalized time series to provide a scaling factor for each of the first, second, and
third normalized time series; and

multiplying the values in each of the first, second, and third normalized time
series by its associated scaling factor.

13.  The method of claim 12, further comprising applying a temporal filter to each
of the first normalized time series, the second normalized time series, and the third

normalized time series before the volumetric registration is performed.

14. A magnetic resonance imaging (MRI) system comprising:

a magnetic resonance imaging scanner configured to capture a time series of
volumetric images of a region of interest at the imaging system, each volumetric
image of the time series of volumetric images being captured as a series of two-
dimensional slices of the region of interest; and

a system control comprising a processor and a non-transitory computer
readable medium storing instructions executable by the processor, the instructions
comprising:

a volume simulator configured to calculate a representative value for
each voxel over time to create a representative volumetric dataset representing the
region of interest and generate, for each slice of the series of two-dimensional slices,
a simulated volumetric time series including time series data for the slice and the
calculated representative value at all times for the other slices of the series of two-
dimensional slices;
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a slice-to-volume registration component configured to perform a
volumetric registration on each of the simulated volumetric time series to provide a
set of estimated motion parameters for the slice associated with the simulated
volumetric time series; and

a correction component configured to determine, for each of a plurality
of voxels in the region of interest, a time series of translations from the set of
estimated motion parameters associated with the slice of the series of two-
dimensional slices to which the voxel belongs and the position of the voxel within the
series of two-dimensional slices, perform a regression analysis on each time series
of translations, determined for the plurality of voxels in the region of interest, to
provide a regression model representing the time series, and subtract a set of values
generated from the regression model from the time series of volumetric images to

provide a set of residual values representing a set of motion corrected parameters.

15.  The MRI system of claim 14, wherein the set of estimated motion parameters
comprise a first time series representing rotation around a first axis within a plane of
the slice, a second time series representing rotation around second axis within a
plane of the slice and perpendicular to the first axis, and a third time series
representing a translation along a third axis normal to the plane of the slice, and the
instructions further comprising a normalization component configured to calculate a
first measure of variation for the first time series, calculate a second measure of
variation for the second time series, calculate a third measure of variation for the
third time series, divide each value in the first time series by the first measure of
deviation to provide a first normalized time series, divide each value in the second
time series by the second measure of deviation to provide a second normalized time
series, and divide each value in the third time series by the third measure of

deviation to provide a third normalized time series.

16.  The MRI system of claim 15, the instructions further comprising an in-plane
correction component configured to apply an initial, in-plane motion correction to the
time series of images by coregistering each slice at each time to a set of
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representative values for the slice to provide, for each of the series of two-
dimensional slices, a first time series representing translation along a first axis within
a plane of the slice, a second time series representing translation along a second
axis within a plane of the slice and perpendicular to the first axis, and a third time
series representing a rotation around a third axis normal to the plane of the slice.

17.  The MRI system of claim 15, the correction component being configured to
perform the regression analysis on the time series of translations for the voxel and at
least one time series associated with an adjacent voxel in a slice adjacent to the

slice to which the voxel belongs.

18. A magnetic resonance imaging (MRI) system comprising:

a magnetic resonance imaging scanner configured to capture a time series of
volumetric images of a region of interest at the imaging system, each volumetric
image of the time series of volumetric images being captured as a series of two-
dimensional slices of the region of interest; and

a system control comprising a processor and a non-transitory computer
readable medium storing instructions executable by the processor, the instructions
comprising:

a volume simulator configured to calculate a representative value for
each voxel over time to create a representative volumetric dataset representing the
region of interest and generate, for each slice of the series of two-dimensional slices,
a simulated volumetric time series including time series data for the slice and the
calculated representative value at all times for the other slices of the series of two-
dimensional slices;

a slice-to-volume registration component configured to perform a
volumetric registration on each of the simulated volumetric time series to provide a
set of estimated motion parameters for the slice associated with the simulated
volumetric time series, the set of estimated motion parameters comprising a first time
series representing rotation around a first axis within a plane of the slice, a second
time series representing rotation around second axis within a plane of the slice and
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perpendicular to the first axis, and a third time series representing a translation along
a third axis normal to the plane of the slice; and

a slicewise normalization component configured to calculate a first
measure of variation for the first time series, calculate a second measure of variation
for the second time series, calculate a third measure of variation for the third time
series, divide each value in the first time series by the first measure of deviation to
provide a first normalized time series, divide each value in the second time series by
the second measure of deviation to provide a second normalized time series, and
divide each value in the third time series by the third measure of deviation to provide

a third normalized time series.

19.  The MRI system of claim 18, the instructions further comprising performing a
volumetric registration component configured to apply a volumetric reconstruction on
the time series of volumetric images of the region of interest to produce volumetric
motion parameters for the entire region of interest, the motion parameters including
at least a rotation of the volume around the first axis, a rotation of the volume around
the second axis, and a translation along a third axis; and

a volumetric normalization component being configured to fit the volumetric
motion parameters to the first, second, and third normalized time series to provide a
scaling factor for each of the first, second, and third normalized time series and
multiplying the values in each of the first, second, and third normalized time series by

its associated scaling factor.

20. The MRI system of claim 18, the slicewise normalization component being
configured to apply a temporal filter to each of the first normalized time series, the
second normalized time series, and the third normalized time series before the

volumetric reconstruction is performed.
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¢ /—199

FIT THE VOLUMETRIC MOTION PARAMETERS ARE FIT TO EACH
NORMALIZED TIME SERIES TC PROVIDE A SCALING FACTOR FOR
EACH NORMALIZED TIME SERIES

¢ /—192

MULTIPLE THE VALUES IN EACH NORMALIZED TIME SERIES BY
THE SCALING FACTOR ASSOCIATED WITH THE TIME SERIES

FIG. 5
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