(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

S October 2017 (05.10.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/173437 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:
GOIR 33/483 (2006.01) GOIR 33/565 (2006.01)

International Application Number:
PCT/US2017/025703

International Filing Date:
3 April 2017 (03.04.2017)

Filing Language: English
Publication Language: English
Priority Data:

62/317,036 1 April 2016 (01.04.2016) US

Applicant: THE MEDICAL COLLEGE OF WISCON-
SIN, INC. [US/US]; 8701 Watertown Plank Road, Mil-
waukee, WI 53226 (US).

Inventors: PAULSON, Eric; W206 N16266 Marshland
Drive, Jackson, WI 53037 (US). MICKEVICIUS,
Nikolai; 8701 Watertown Plank Road, Milwaukee, WI
53226 (US).

Agent: STONE, Jonathan, D.; Quarles & Brady LLP, 411
E. Wisconsin Ave., Milwaukee, WI 53202 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(84)

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
NI NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

2017173437 AT I 00 0 00 R O 00 00

SS1/PE2

}) PE1/5S2

FE

(54) Title: SYSTEMS AND METHODS FOR MOTION MANAGEMENT IN MAGNETIC RESONANCE IMAGING GUIDED
THERAPIES

106

FIG. 1

(57) Abstract: Described here are systems and methods for providing three-dimensional motion estimates prior to and during MRI-
guided therapies. In general, these systems and methods can include simultaneous orthogonal plane imaging ("SOPI"), synthetic

O volumetric imaging ("SVI"), self-navigated phase-resolved 4D MRI, radial CAIPIRINHA, and combinations thereof.



WO 2017/173437 PCT/US2017/025703

SYSTEMS AND METHODS FOR MOTION MANAGEMENT IN MAGNETIC RESONANCE
IMAGING GUIDED THERAPIES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Patent Application
Serial No. 62/317,036, filed on April 1, 2016, and entitled “SYSTEMS AND METHODS

FOR MOTION MANAGEMENT IN MAGNETIC RESONANCE IMAGING GUIDED

THERAPIES.”
BACKGROUND
[0002] Magnetic resonance imaging (“MRI”) can be used to guide interventional

procedures and therapies, including MRI-guided radiotherapy (“MRI-gRT”) and MRI-
guided high intensity focused ultrasound (“MRI-gHIFU”). Integrated MRI-gRT systems
have the potential to transform radiotherapy from a sequential treatment preparation,
planning, and delivery process to a continuous cycle that adapts to inter- and intra-
fractional changes before, during and after treatment of a patient. The success of
radiotherapy is largely dependent on the alignment of the treatment field with the
target. Motion during treatment can arise from semi-periodic (e.g., respiration,
peristalsis, cardiac) and/or aperiodic (e.g, cough, sneeze, bulk movement) motion.
Motion management in radiation therapy involves two components: (1) generation of
high-fidelity static images of targets and organs at risk along with models of respiratory
motion for use in treatment planning and (2) real-time intra-fraction motion monitoring
for exception gating, tracking, online adaptive replanning, and dose accumulation
during treatment delivery. Even with the latest MRI technologies, including parallel

imaging, multiband excitation, and compressed sensing, several challenges remain.
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SUMMARY OF THE DISCLOSURE

[0003] The present disclosure addresses the aforementioned drawbacks by
providing systems and methods for providing three-dimensional motion estimates prior
to and during MRI-guided therapies.

[0004] It is one aspect of the present disclosure to provide a method for
acquiring magnetic resonance data using a magnetic resonance imaging (“MRI”) system
by performing a pulse sequence with the MRI system. The pulse sequence includes a
first radio frequency (“RF”) excitation pulse that excites spins in a first slice; a first slice
encoding gradient produced along a first axis and contemporaneous with the first RF
excitation pulse to provide slice encoding of the spins in the first slice; a second RF
excitation pulse that excites spins in a second slice that is orthogonal to the first slice;
and a second slice encoding gradient produced along a second axis that is orthogonal to
the first axis and contemporaneous with the second RF excitation pulse to provide slice
encoding of the spins in the second slice. The pulse sequence also includes a first phase
encoding gradient produced along the first axis to provide phase encoding of spins in
the second slice; a second phase encoding gradient produced along the second axis to
provide phase encoding of spins in the first slice; and a frequency encoding gradient
produced along a third axis that is orthogonal to the first axis and the second axis, and
that forms a first echo signal at a first echo time and a second echo signal at a second
echo time. The first echo signal is associated with spins in the first slice and the second
echo signal is associated with spins in the second slice. First data are acquired from the
first echo signal with the MRI system, the first data being associated with the first slice,
and second data are acquired from the second echo signal with the MRI system, the
second data being associated with the second slice.

[0005] [t is another aspect of the present disclosure where the pulse sequence

-2-
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implement multiband RF excitation pulses to simultaneously excite spins in a plurality
of slices that are either parallel to the first slice, the second slice, or both.

[0006] [t is another aspect of the present disclosure where the pulse sequence
can additionally include a third RF excitation pulse that excites spins in a third slice that
is orthogonal to the first slice and the second slice; a third slice encoding gradient
produced along the third axis and contemporaneous with the third RF excitation pulse
to provide slice encoding of the spins in the third slice; a third phase encoding gradient
produced along the first axis to provide phase encoding of spins in the third slice; and a
second frequency encoding gradient produce along the second axis to form a third echo
signal at a third echo time, wherein the third echo signal is associated with spins in the
third slice. Third data are then acquired from the third echo signal with the MRI system,
the third data being associated with the third slice.

[0007] [t is another aspect of the present disclosure that the first data and second
data can be processed to estimate k-t space weights. These k-t space weights can be
used to reconstruct images from magnetic resonance data acquired by interleaved data
acquisition between two different orthogonal imaging planes, such that the magnetic
resonance data represent an undersampled k-t space. Such data can be non-T1-
weighted data, such as data acquired with a balanced steady-state free precession
(“bSSFP”) pulse sequence that alternates excitation and data acquisition between the
two different orthogonal imaging planes.

[0008] It is another aspect of the present disclosure to provide a method for
producing low latency three-dimensional volumes using an MRI system. The MRI
system is operated to acquire k-space data from a plurality of different slices in a
subject, and a motion surrogate signal is estimated from the k-space data that were

sampled within a threshold distance from a center of k-space. An average respiratory
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waveform associated with the subject is provided and low latency three-dimensional
volumes are generated based on a relation of the motion surrogate signal and the
average respiratory waveform.

[0009] [t is an aspect of the present disclosure that the average respiratory
waveform can be provided by retrospectively binning the k-space data into respiratory
phase bins using the estimated motion surrogate signal and computing the average
respiratory waveform by interpolating an average motion surrogate signal value over
the respiratory phase bins to a higher temporal resolution.

[0010] It is another aspect of the present disclosure that generating the low
latency three-dimensional volumes can include determining a maximum relation value
between the motion surrogate signal and the average respiratory waveform, and using
the maximum relation value and the respiratory phase bin associated with maximum
relation value to generate a low latency three-dimensional volume. The maximum
relation value can be a maximum correlation value.

[0011] It is an aspect of the present disclosure that the k-space data can be
acquired using a radial CAIPIRINHA method that simultaneously acquires k-space data
from the plurality of different slices along radial spoke k-space trajectories. The motion
surrogate signal can be estimated from such k-space data sampled at the center of k-
space data by the radial spoke k-space trajectories.

[0012] [t is another aspect of the present disclosure that the plurality of different
slices can include at least a first slice depicting a first image plane and a second slice
depicting a second image plane that is orthogonal to the first image plane. The k-space
data can be acquired by acquiring k-space data from the first image plane and the
second image plane by slice encoding spins in the first image plane using magnetic field

gradients applied along a first axis and phase encoding the spins in the first image plane
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using magnetic field gradients applied along a second axis that is orthogonal to the first
axis, while slice encoding spins in the second image plane using magnetic field gradients
applied along the second axis and phase encoding the spins in the second image plane
using magnetic field gradients applied along the first axis. The motion surrogate signal
can be estimated from such k-space data by producing a pseudo-projection from the k-
space data that were sampled within the threshold distance from the center of k-space
and producing the motion surrogate signal from a waveform over time extracted from
the pseudo-projection.

[0013] The foregoing and other aspects and advantages of the present disclosure
will appear from the following description. In the description, reference is made to the
accompanying drawings that form a part hereof, and in which there is shown by way of
illustration a preferred embodiment. This embodiment does not necessarily represent
the full scope of the invention, however, and reference is therefore made to the claims

and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 illustrates an example simultaneous orthogonal plane imaging
(“SOPI") acquisition scheme, in which data are acquired from two orthogonal slices in a
single acquisition.

[0015] FIG. 2 illustrates an example multiplexed SOPI (“mSOPI"”) acquisition
scheme, in which data are simultaneously acquired from multiple slices along two
orthogonal axes in a single acquisition.

[0016] FIG. 3 is an example of a simultaneous orthogonal plane imaging (“SOPI")
pulse sequence with non-equal echo times (“nETE”).

[0017] FIG. 4 is an example of a simultaneous orthogonal plane imaging (“SOPI")

5.
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pulse sequence with equal echo times (“ETE").

[0018] FIG. 5 is a flow diagram setting forth the steps of an example method for
acquiring data using a multiplexed SOPI acquisition and reconstructing images from
that acquired data.

[0019] FIG. 6 is a flowchart setting forth the steps of an example method for
acquiring and reconstructing T2-weighted images depicting orthogonal slices using a
T1-weighted SOPI acquisition as calibration data.

[0020] FIG. 7 illustrates an undersampled k-t space resulting from alternating
data acquisitions between orthogonal slices.

[0021] FIG. 8 illustrates the calibration of k-t weightings from SOPI calibration
data and the application of those weightings for the reconstruction of undersampled k-t
space data.

[0022] FIG. 9 illustrates an example workflow for a synthetic volume imaging

(“SVI”) processing method.

[0023] FIG. 10 shows a hybrid 3D golden angle radial stack of stars k-space
trajectory.
[0024] FIG. 11 illustrates an example workflow for a self-navigated phase-

resolved 4D-MRI reconstruction.

[0025] FIG. 12 depicts the effect of reshuffling on k-space distribution.
Reshuffling results in more spokes per bin.

[0026] FIGS. 13A-13D show example 4D-MRI acquisition strategies utilizing
different contrast modes and timings.

[0027] FIG. 14A illustrates an example of a radial k-space trajectory that can be
implemented for a radial CAIPIRINHA acquisition.

[0028] FIG. 14B shows example magnitude and phase profiles for multiband RF

-6-
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pulses used to acquire data according to the radial k-space trajectory of FIG. 14A.
[0029] FIG. 15 is a block diagram of an example magnetic resonance imaging

(“MRI") system that can implement the methods described in the present disclosure.

DETAILED DESCRIPTION

[0030] Described here are systems and methods for providing three-dimensional
motion estimates prior to and during MRI-guided therapies. In general, these systems
and methods can include simultaneous orthogonal plane imaging (“SOPI”), synthetic
volumetric imaging (“SVI"”), self-navigated phase-resolved 4D MRI, radial CAIPIRINHA,
and combinations thereof.

[0031] Described now are methods for simultaneous orthogonal plane imaging
(“SOPI™). SOPI can include any number of pulse sequences that are adapted to acquire
data from two orthogonal slices. Such implementations allow for rapidly imaging a
moving target in two orthogonal planes simultaneously. Using this imaging technique,
more spatial information about the object being image can be obtained in a single
acquisition, motion of the underlying object can be captured in plane along all three
orthogonal directions, and images that are free of intra-slice motion artifacts can be
reconstructed. The improved visualization of the target and nearby structures can also
be used to aid in the monitoring of intrafraction motion and to improve the accuracy of
dose delivery.

[0032] Anticipating and measuring respiratory motion during a fraction of
radiation therapy is crucial to deposit the intended dose. Simultaneous orthogonal slice
imaging will aid in the measurement of these motions in real time and improve the
accuracy of radiation delivery by eliminating interslice motion seen in interleaved

orthogonal plane cine acquisitions.
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[0033] Motion prediction algorithms used for gating and tracking benefit from
extremely low latency information. While the SOPI images are acquired at a reasonable
frame rate, a high temporal resolution motion surrogate inherent to the MRI sequence is
to be desired. The use of pseudo-projection navigation can thus be implemented with
the SOPI sequence to provide motion surrogate signals. In this technique, phase
encoding lines within a predefined region near the center of k-space are filtered and
used to generate a 1D projection of the moving anatomy.

[0034] In addition to radiation therapy, other MRI-guided therapies or
interventions like high-intensity focused ultrasound (“HIFU”), brachytherapy, or
intraoperative MRI would be benefit from real-time SOPI imaging when targeting
moving structures in the abdomen. For example, the simultaneous acquisition of data
from orthogonal slices can allow for generating proton resonance frequency shift
thermometry maps in moving structures. Such temperature maps can be generated
from the phase difference between the images acquired at different echo times, for
instance.

[0035] SOPI could also be an asset to the cardiac imaging field. Long-axis and
short-axis cardiac images are often acquired during perfusion imaging to look at the
uptake of contrast in more than one plane. A cardiac-gated SOPI scan would enable
orthogonal images in the long-axis and short-axis to be acquired at the same time point
in the cardiac cycle.

[0036] In 2D Cartesian gradient echo sequences, the echo time is defined as the
difference in time between excitation (tiso) and when the zeroth gradient moment along
the frequency encoding direction (mrg) is zero. To maximize the received signal, the
zeroth gradient moment along the slice select direction (mss) should be zero throughout

the duration of the readout gradient. Also, to spatially encode the image, the zeroth
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gradient moment along the phase encoding direction (mpg) should be the moment
needed for the given phase encode line (P). Mathematically, the zeroth gradient moment

(mo) can be described as follows:

1 Mgs 0
m, (TE)= [ G(t)dt=| m,, |=| 0 (.
Tiso mPE P
[0037] Based on this principle, a data acquisition scheme in which orthogonal

slices are simultaneously encoded can be designed. In such acquisitions, the slice select
direction for one slice is selected to be the phase encode axis of the corresponding
orthogonal slice, and vice versa. The orthogonal slices then share a frequency encoding
direction.

[0038] An example of a SOPI acquisition scheme is shown in FIG. 1, where an
object 102 is simultaneously imaged in two orthogonal slices 104, 106. In this example,
the first slice 104 is spatially encoded using slice encoding along the z-direction, phase
encoding along the y-direction, and frequency encoding along the x-direction. The
second slice 106 is then spatially encoded using slice encoding along the y-direction,
phase encoding along the z-direction, and frequency encoding along the x-direction. [t
will be appreciated that the directions associated with the slice, phase, and frequency
encodings in this example are selected for illustrative purposes, and that the various
encoding directions can be aligned any three arbitrary orthogonal directions. The
directions can thus be more generally referred to as the first slice encoding direction
(5851), which is also the second phase encoding direction (PE2); the first phase encoding
direction (PE1), which is also the second slice encoding direction (SS52); and the
frequency encoding direction (FE).

[0039] In general, a SOPI pulse sequence can be adapted for simultaneous
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multislice imaging by replacing single-band RF pulses with multiband RF pulses to
simultaneously excite more than one slice on each orthogonal axis. Such
implementations of SOPI may be referred to as multiplexed SOPI (mSOPI). An example
of a multiplexed SOPI acquisition scheme is shown in FIG. 2, where an object 202 is
simultaneously imaged in a first slice 204 and a second slice 206 that is parallel to the
first slice 204, and in a third slice 208 and a fourth slice 210 that is parallel to the third
slice 208. Both the third slice 208 and the fourth slice 210 are orthogonal to the first
slice 204 and the second slice 206. Although the example in FIG. 2 illustrates two slices
being simultaneously excited along a given orthogonal axis (i.e., SS1 or SS2), it will be
appreciated that with the appropriate multiband RF pulse, more than two slices can be
excited along a given orthogonal axis.

[0040] In the example shown in FIG. 2, the first slice 204 and second slice 206 are
spatially encoded using slice encoding along a first slice encoding axis, SS1; using phase
encoding along a first phase encoding axis, PE1; and using frequency encoding along a
frequency encoding axis, FE. The third slice 208 and the fourth slice 210 are spatially
encoded using slice encoding along a second slice encoding axis, SS2, which is the same
as the first phase encoding axis, PE1; using phase encoding along a second phase
encoding axis, PE2, which is the same as the first slice encoding axis, SS1; and using
frequency encoding along the same frequency encoding axis, FE, as the first slice 204
and the second slice 206.

[0041] The SOPI pulse sequences described in the present disclosure acquire
images in two orthogonal imaging planes; however, the sequences can also be adapted
to acquire images in a third orthogonal imaging place. In these instances, a separate
readout gradient would be applied along the slice select axis of one of the other two

orthogonal slice groups. Thus, as one example, the spatial encoding for the first and
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second orthogonal imaging planes would be as described above, but spatial encoding for
the third orthogonal imaging plane would be implemented using slice encoding along
the frequency encoding direction (FE) with phase encoding along either the SS1/PE2 or
SS2/PE1 direction, and frequency encoding then along either the SS2/PE1 or SS1/PE2
direction.

[0042] Two example SOPI pulse sequences are provided below. Expressions for
the zeroth gradient moments of the lobes shown in these examples are also derived.
Although the pulse sequences described below implement Cartesian sampling of k-
space, SOPI pulse sequences can also be adapted for radial or spiral readout trajectories
to provide additional robustness to intraslice motion artifacts.

[0043] One example SOPI pulse sequence described in the present disclosure is a
non-equal echo time (nETE) spoiled gradient (SPGR) SOPI pulse sequence. A pulse
sequence diagram for this example implementation is shown in FIG. 3. In this pulse
sequence, slices are sequentially exited on orthogonal axes. Each slice is phase encoded
along the slice select axis of the other slice. An extended readout gradient refocuses
separate gradient echoes for each slice in the reverse of the order in which they were
excited, which results in unequal echo times between the slices. Phase rewinder and
readout spoiler gradients can be played after the readout plateau ends. In some
embodiments,

[0044] In the pulse sequence shown in FIG. 3, gradient moments Al and A2 are
been defined to be the gradient lobe areas (including ramps) of the first slice selection
gradient 302 separated by the isocenter of the first RF pulse 304. Gradient lobes D1 and
D2, likewise, are the gradient lobe areas of the second slice select gradient 306
separated by the isocenter of the second RF pulse 308. For simplicity, both orthogonal

slices are to be phase encoded with the same gradient moment of P, though different
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phase encoding lines for both slices can be sampled within the same repetition time
(TR) period. The gradient moment of gradient lobes B and C are dependent on the
current k-space line.
[0045] The net gradient-induced phase accumulation of the first slice along the
SS1/PE2 axis should be zero by the beginning of the readout gradient 310. Given that
the second slice also must have accumulated a gradient moment of P by the beginning of
the readout gradient 310, the following expression can be given for the zeroth gradient
moment in gradient lobe B:

B=-4A -P (2).
[0046] The phase accumulated in the second slice after the second RF pulse
isocenter should be rewound prior to readout. Therefore:
> (3).-
[0047] Also, the moment of the first slice along the SS2/PE1 axis should be the
phase encoding moment, P, before the beginning of the readout. With this constraint,
the zeroth gradient moment in gradient lobe C can be expressed as follows:

C=-D +P (4).
[0048] With a simultaneous image refocusing (SIR) readout, the gradient echo
signals S1 and S2 are acquired at non-overlapping portions of the readout gradient 310,
which has an amplitude calculated based on the bandwidth and field-of-view (FOV). The
SOPI sequence with a SIR readout is fastest when the gradient echo for the second slice
occurs before that of the first slice. The following prephaser gradient moments are used

for this type of readout.

Fope =—1 (5);
Gz =—H (6).
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[0049] With these frequency encoding prephaser gradients (312, 314), the echo
time between the two slices is not equal. If an even faster acquisition is desired, the
gradient echoes from the orthogonal slices may be acquired in an aliased (e.g., in which
the echoes are combined) manner during the same portion of a non-extended readout
gradient. In this case, only the prephaser gradient lobe 314 after the second excitation

308 needs to be applied, resulting in the following gradient lobe areas:

Fopre atiased =0 (7);
Grers atiasea = —H (8);
Ly atiased =0 (9).
[0050] In a SOPI pulse sequence with a readout that results in aliasing as

described above, the orthogonal slices will be superimposed in the reconstructed image.
While coil sensitivity differences of overlapping voxels of orthogonal slices should be
significantly greater than those in overlapping pixels of parallel slices, image quality can
still be improved by applying a CAIPIRINHA RF phase cycling pattern that shifts one of
the slices relative to the other within the FOV to reduce the number of superimposed
voxels.

[0051] In some implementations of the nETE SOPI acquisitions, the flip angle of
the two RF pulses can be adjusted so the orthogonal images (with different echo times)
have more similar contrast to noise ratio for a given TR.

[0052] The order in which orthogonal slice groups are excited when using an
nETE SOPI acquisition can be swapped from one repetition to the next. In these
implementations, the echo time of each orthogonal slice group will change between
repetitions.

[0053] In some embodiments, the free induction signal pathway can be crushed
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for both orthogonal slices, or slice groups, by applying a crusher gradient along the
readout axis before the readout gradient is applied.

[0054] Although the example described above implements an SPGR pulse
sequence, it will be appreciated by those skilled in the art that other pulse sequences
can be adapted and implemented for a SOPI acquisition. For example, a reversed fast
imaging in steady-state precession (reversed FISP, or PSIF) pulse sequence can also be
implemented. Like the SPGR pulse sequence described above, in a PSIF pulse sequence
adapted for SOP], slices are sequentially exited on orthogonal axes, and each slice is
phase encoded along the slice select axis of the other slice.

[0055] Another example SOPI pulse sequence described in the present disclosure
is an equal echo time (ETE) SPGR SOPI pulse sequence. A pulse sequence diagram for
this example implementation is shown in FIG. 4. In this pulse sequence, slice selection
and phase encoding are performed as in the nETE SPGR SOPI sequence described above.
The frequency encoding prephaser gradients (F and G) and the readout bandwidth are
adjusted to ensure the gradient echo for each slice occurs in the order in which they
were excited and with the same echo time.

[0056] The ETE SOPI pulse sequence may be designed by adjusting the prephaser
amplitudes and the readout bandwidth such that the time between gradient echoes is

equal to the time between the isocenters of the RF pulses (ATRF):

Figp =1 (10);
G =—H-1 (11);
N
bw, . =
ETE ATRF (12),
[0057] where N is the number of pixels in the frequency encoding direction. With
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these parameters, the orthogonal slices are rephased in the order in which they were
excited, and the adjusted bandwidth assures that the echo time of each slice is identical.
The phase encoding and slice select rewinding gradients remain unchanged from the
nETE SPGR SOPI sequence.

[0058] In spoiled gradient recalled echo sequences (e.g., SPGR, FLASH), phase
rewinding gradient lobes are played immediately after the readout. In the SPGR SOPI
sequences, these gradients (-P) are played on the SS1/PE2 and SS2/PE1 axes. A spoiler
gradient (SP) with the same polarity of the readout gradient is also played concurrently.
[0059] The regions where slices intersect each other inside the target can lead to
saturation regions running along the frequency encoding direction representing the
slice profile of the corresponding orthogonal slice. If a smaller region of saturated signal
is desired (e.g., for smaller targets like the pancreas), the tradeoff is acquisition speed.
To excite a thinner slice, a larger gradient amplitude is needed, and thus a larger slice
rewinder gradient is also needed. This effectively increases the duration of time
between the two RF pulses and stretches the minimum achievable TE and TR.

[0060] Fat suppression can be implemented in the SOPI pulse sequences
described in the present disclosure. This fat suppression can further improve image
contrast and target delineation.

[0061] The SOPI pulse sequences described in the present disclosure can also be
adapted to implement RF pulses with a short duration and extremely low bandwidth
that still maintain good slice profiles. This implementation would decrease the time
between the two RF pulses, leading to a shorter minimum TE and TR, and to higher
frame rates.

[0062] Although the example described above implements an SPGR pulse

sequence, it will be appreciated by those skilled in the art that other pulse sequences
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can be adapted and implemented for a SOPI acquisition. For example, a reversed fast
imaging in steady-state precession (reversed FISP, or PSIF) pulse sequence can also be
implemented. Like the SPGR pulse sequence described above, in a PSIF pulse sequence
adapted for SOP], slices are sequentially exited on orthogonal axes, and each slice is
phase encoded along the slice select axis of the other slice.

[0063] In general, a SOPI pulse sequence can be adapted for simultaneous
multislice imaging by replacing single-band RF pulses with multiband RF pulses to
simultaneously excite more than one slice on each orthogonal axis. Such
implementations of SOPI may be referred to as multiplexed SOPI (mSOPI). By exploiting
variations in coil sensitivity profiles, the aliased parallel slices along each orthogonal
axis may be separated. CAIPIRINHA phase modulations of at least one slice on each
orthogonal axis may be used to improve the separation of the slices.

[0064] For example, in CAIPIRINHA acquisitions, RF phase ramps are applied
along the phase encode (PE) direction with slope mcap (defined here with units of

radians per PE line) and intercept bcarri. In an example mSOPI pulse sequence, one slice

on each orthogonal axis can be selected with m,.,,,, =0 rad/PE and b.,,,, =0 rad. The

second slice on each orthogonal axis can then be shifted by a percentage of the field-of-
view, such as one-half the field-of-view (i.e, FOV/2), and acquired in quadrature relative
to the first slice with m.,,, =7 rad/PE and b, = 7[/2 rad. In consecutive
repetitions, beaipr on the shifted slice can be incremented by 77 radians (i.e., bcairi on the
shifted slice alternated as +7Z/2, -7/2, +7/2,...).

[0065] As one specific example, a multiplexed SOPI sequence with an SPGR and a

SIR readout was designed and implemented. The orthogonal slices to be acquired

simultaneously were prescribed graphically on the anatomy of interest. A flag was
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added to select an ETE or nETE acquisition. To reduce scan time, an in-plane GRAPPA
acceleration was implemented. Both GRAPPA and partial Fourier acquisition capability
was added to the sequence. Externally loaded one-band and two-band phase-controlled
Shinnar-Le Roux RF pulses of length 0.6 ms and slice bandwidth 2 kHz were used in the
these non-limiting example SOPI pulse sequences. Flexible coils were wrapped around
the phantom/subject and elements of the spine array built into the table were used. A
total number of receive coils ranging from 18 to 24 were used for the imaging
experiments.

[0066] When the SOPI pulse sequence is used for imaging moving anatomy, it
may not be sufficient to use a single reference scan to obtain calibration data to separate
aliased slices. In such instances, an autocalibrating acquisition and phase-constrained
2D-SENSE-GRAPA reconstruction process can be implemented for mSOPL.

[0067] Referring now to FIG. 5, a flow diagram is illustrated as setting forth the
steps of an example method for acquiring data using a multiplexed SOPI pulse sequence
and for reconstructing images from such data.

[0068] Data are acquired from a subject using a multiplexed SOPI acquisition. As
an example, the data can be acquired using multiplexed SOPI acquisition such as the one
described above. Additional acceleration techniques can also be implemented, such as
by using partial Fourier (PF) encoding an in-plane acceleration (e.g., by skipping phase
encoding lines). Using the acquisition described above, an RF phase ramp will shift one
slice along each axis within the FOV. The intercept of this phase ramp, bcaip;, can be
incremented by 7 radians in consecutive repetitions. The fully sampled region in the
center of k-space from consecutive repetitions can then be added and subtracted to
obtain reference data for each slice. As an example, Hadamard encoding can be used to

separate the k-space data acquired for the parallel slices on each orthogonal axis.
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[0069] When the pair of slices in each orthogonal slice packet are excited in
quadrature, the reference data for each slice separated from Hadamard encoding can be
used to compute phase-constrained 2D-SENSE-GRAPPA weights to separate the aliased
slices from a single repetition. For instance, virtual coil reference images can be created
by taking the complex conjugate of the images from only the fully-sampled region of the
Hadamard separated k-spaces for each orthogonal slice group. The virtual coil reference
images are appended to the actual coil images.

[0070] The reference images are concatenated along the readout direction,
brought to k-space, and a 2D-SENSE-GRAPPA kernel (e.g, a 4x4 2D-SENSE-GRAPPA
kernel) is fit to simultaneously unalias a single repetition in the slice and in-plane
directions. In the example kernel geometry shown in FIG. 5, closed black circles are
source points, the grayed out points are target points, and the open circles represent
unacquired points.

[0071] The resulting weights can be applied to the aliased data from a single
repetition (actual and virtual coils), filling in missing points in the undersampled phase
and frequency encoding directions. To account for partial Fourier sampling, the phase
encoding lines still missing after 2D-SENSE-GRAPPA in the actual coils can be filled in by
enforcing conjugate symmetry in k-space after a background phase correction. An
inverse Fourier transform and sum of squares coil combination can then be used to
produce an unaliased image. The individual slices were obtained by segmenting the
readout-extended FOV image. This process is repeated to separate slices S3 and 54.
[0072] In the non-limiting example described above, a SIR readout can be used to
separate the orthogonal slice packets, and an autocalibrating phase-constrained 2D-
SENSE-GRAPPA reconstruction can be used to separate the overlapped parallel slices

along each axis. The mSOPI sequence enables improving slice coverage while keeping
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the frame rate as high as it is for non-multiplexed SOPI. The partial Fourier acquisition
can allow for a larger fully sampled ACS region near the center of k-space to be sampled
for a given frame rate.

[0073] The SOPI pulse sequences described above implement a T1-weighted
contrast with an SPGR acquisition. In other embodiments, however, pulse sequences
that acquire data with contrast weightings different than T1-weighting can also be
acquired using SOPI, at least in part. As one example, a balanced steady state free
precession (“bSSFP”) sequence with mixed T2/T1 can be implemented.

[0074] When an object is moving during data acquisition there will be
spatiotemporal correlations in the acquired k-space data. These correlations can be
exploited using k-t GRAPPA to interpolate the undersampled k-t space of alternating,
orthogonal slice non-T1-weighted acquisitions. In k-t GRAPPA, the signal for a coil, j, and
time point, t, can be described as a linear combination of signals from Nk neighboring k-

space locations, Nt neighboring time frames, and all Nc receiver coils:
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[0075] Because the k-t correlations are independent of image contrast, the k-t
GRAPPA weights may be calculated from fully-sampled T1-weighted SOPI data and
applied to the undersampled non-T1-weighted images. Furthermore, even when a
Cartesian SOPI calibration acquisition is employed, the alternating non-T1-weighted
scan may be performed with an arbitrary k-space trajectory.
[0076] Referring now to FIG. 6, a flowchart is illustrated as setting forth the steps
of an example method for producing images with contrast weighting other than T1-

weighting in orthogonal slices acquired in a single acquisition. The method includes

acquiring calibration data from a subject using a SOPI pulse sequence, as indicated at
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step 602. These calibration data are acquired with a T1-weighting. Preferably, the
calibration data fully samples k-space; however, in some implementations the
calibration data may sample only the central portion of k-space.

[0077] Non-T1-weighted data are then acquired from the subject in the same
orthogonal slices as were sampled with the calibration data, as indicated at step 604.
Unlike the calibration data, the non-T1-weighted data are acquired from orthogonal
slices by alternating data acquisition between the two orthogonal imaging planes rather
than simultaneously acquiring the data using a SOPI acquisition scheme. By rapidly
acquiring data from these orthogonal slices in an alternating fashion, the data can be
represented as an undersampled k-t space, as shown in FIG. 7. As one example, the non-
T1-weighted data can be acquired using a bSSFP pulse sequence. The non-T1-weighted
images can be acquired using a Cartesian sampling of k-space, or can use any arbitrary
k-space trajectory (e.g. radial, spiral). That is, the calibration data and the non-T1-
weighted data do not need to be acquired using the same k-space trajectories. As one
example, a radial CAIPIRINHA acquisition can be used. In such an acquisition, slices
along each axis can be separated by modulating the phase of the radial data by the
complex conjugate of the applied RF phase pattern.

[0078] From the calibration data, T1-weighted images depicting the orthogonal
slices can be reconstructed, as indicated at step 606. The calibration data are also
processed to estimate k-t space weightings, as indicated at step 608. For example, a k-t
GRAPPA algorithm can be calibrated on the calibration data with a kernel. As one non-
limiting example, the kernel size can be 3 time points by 16 coils. The estimated k-t
space weightings can then be used to reconstruct T2-weighted images of the orthogonal
slices from the T2-weighted data, as indicated at step 610. For instance, the k-t space

weightings can be used in a k-t GRAPPA reconstruction algorithm. Using this approach,

-20-



WO 2017/173437 PCT/US2017/025703

the resulting T2-weighted images will represent a time series of image frames depicting
the orthogonal slices with a higher temporal frame rate than would be achieved without
estimating the k-t space weighting from the calibration data. The calibration and
reconstruction steps are schematically shown in FIG. 8. The images of the orthogonal
slices can be used to monitor subject motion, such as respiratory motion. For example, a
projection through each slice can be plotted over time to resolve respiratory motion.
[0079] The continuously adapting treatment cycle afforded by MR-guided
radiation therapy (“MR-gRT”) systems allows radiation treatment replanning with
every measurement of anatomy. Advantageously, the replanning could be done in real-
time during a treatment fraction. Alternatively, the replanning may also be done
between fractions.

[0080] If a full 3D volume of the anatomy is known at every point during a
treatment fraction, then the dose that was actually deposited in that fraction can be
calculated, accumulated, and used to adaptively replan the next fraction. The 3D
volumetric estimates should be obtained at a very high temporal resolution.

[0081] One proposed solution for estimating 3D motion in real-time is by using
deformable registration of real-time 2D interleaved orthogonal images to phases of a 4D
MRI. PCA-based motion models are built and updated during the real-time acquisition.
While results from this technique are promising, a lower latency motion estimate and a
smaller dependence on deformable image registration (“DIR”) would be useful because
the accuracy of DIR algorithms may be unreliable in the abdomen.

[0082] Low latency motion surrogate signals are utilized in respiratory gated
treatments and in prediction algorithms for tracked treatments. Because cine images
are often acquired during treatment of abdominal or thoracic tumors that move with

respiration, it would be beneficial to obtain the motion surrogate directly from the
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imaging data already being acquired. Respiratory bellows can be cumbersome,
inconsistent, and are not always correlated with anatomical motion.

[0083] In radial CAIPIRINHA scans, the motion surrogate may be obtained
directly from the center of k-space, which is sampled in every spoke at a temporal
resolution of 1/TR. In Cartesian acquisitions, the center of k-space is only sampled once
per frame of each image, so obtaining a DC navigator from SOPI scans with Cartesian k-
space sampling is not as straight forward as in radial CAIPIRINHA scans.

[0084] The phase encoding sampling scheme used in a Cartesian SOPI acquisition
can, however, be selected such that lines near the center of k-space are sampled
frequently, so as to allow for the generation of a motion surrogate signal. By performing
a Fourier transform of each phase encoding line within a threshold of the center of k-
space, a pseudo-projection can be calculated. After some filtering, the pseudo-projection
waveform over time can be used as a motion surrogate signal. This technique is
especially applicable in GRAPPA acquisitions because the center of k-space is more
densely sampled than outer regions of k-space.

[0085] Described now are methods for implementing synthetic volume imaging
(“SVI™). SVI relates a low-latency motion surrogate signal (which may be derived from
SOPI, radial CAIPIRINHA, or other techniques) and an average respiratory waveform
(which may be derived from a pre-treatment 4D-MRI) to create volumetric images of
the anatomy at the temporal resolution of the motion surrogate signal. These two
signals can be related using, for example, a correlation, root-mean-square, or regression
technique. Fast volumetric images are needed to accumulate dose during a radiotherapy
treatment fraction. By using SVI to decrease the latency of the volumetric images, a
more accurate estimate of deposited dose may be computed. SVI offers the following

advantages: there is no dependence on deformable image registration algorithms to
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generate motion models relating real-time imaging to the true 3D volumes, volumetric
images are synthesized at the temporal resolution (e.g, 50-300 Hz) of a motion
surrogate signal derived from 2D MR imaging data, quality assurance of SVI may easily
be performed with registration of SVI to real-time 2D images, and exception
gating/tracking can be performed based on 3D target segmentation.

[0086] The SVI techniques described in the present disclosure synthesize
extremely low latency 3D volumes based on correlations of a real-time motion
surrogate (derived, for example, directly from radial CAIPIRINHA or SOPI imaging) and
based on an average respiratory waveform computed during reconstruction of a
respiratory correlated 4D MRI. The SVI algorithm is shown graphically in FIG. 9. SVI
begins with the acquisition of a 4D-MRI. A motion surrogate signal inherent to the 4D-
MRI acquisition is used to retrospectively bin the raw k-space data into appropriate
respiratory phases. The average respiratory waveform is obtained by interpolating the

average motion surrogate signal value over all bins to the temporal resolution of the

real-time navigator acquired while the beam is on. To reconstruct a 3D volume at the 7 &
time point in the real-time navigator waveform, a signal history length (“T”) of the
navigator is cross-correlated with the average respiratory waveform from each bin. The

result is a correlation coefficient showing how well the current signal relates to each

respiratory bin,
I =C..Bin, +(1-C_ )1 (14).
[0087] The maximum correlation value, C,__, and the corresponding 3D volume

from the best-correlated bin, Bin are used to construct a weighted volume. A

max ’
correction term is added to weight the synthetic volume more on the previous estimate

if the maximum correlation was poor. Kalman filtering may also be applied to predict
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future values of the 1D surrogate signal, which may in turn be used to generate
predictive SVI images.

[0088] As one example, a self-navigated hybrid radial/Cartesian bSSFP 4D-MRI
acquisition was used to acquire images of a subject. Ten respiratory bins were
retrospectively reconstructed and the average respiratory waveform was computed.
The center of k-space signal from an axial three-band bSSFP radial CAIPI cine scan
(TE/TR =1.7/3.4 ms, flip angle = 60° FOV = 300 mm, base resolution = 128x128) was
used to generate a motion surrogate signal. The temporal resolution of the motion
surrogate signal was 1/TR = 294 Hz. At each time point in the real-time navigator signal,
the most recent 5 seconds of data were analyzed. The current respiratory rate was
determined by fitting a sinusoidal function to the current segment of the surrogate
signal. The average respiratory waveform from the 4D-MRI scan was set to have a
respiratory rate that was computed from the surrogate signal. The average respiratory
waveform was then low-pass interpolated to the temporal resolution of the radial CAIPI
navigator and made to be periodic. An average respiratory waveform of length 5
seconds was generated for each bin of the 4D MRI. All of these signals were then cross-
correlated with the radial CAIPI navigator signal. The synthetic volume for the current
time point was then calculated using Eqn. (14).

[0089] In some implementations of the methods described in the present
disclosure, self-navigated phase-resolved 4D MRI images can be acquired using a hybrid
3D radial k-space trajectory, and in some examples a 3D radial stack-of-starts trajectory.
For example, a self-navigated, phase-resolved 4D-MRI method that provides a full 3D
volume of anatomy at multiple phases of an average respiratory cycle can be
implemented. This technique uses the self-navigating properties of radial k-space

trajectories to guide the reconstruction of phase-resolved 4D-MR images. Images may
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be acquired using a hybrid 3D radial sequence with switchable SPGR and bSSFP
excitations (e.g,, T1 or mixed T2/T1 contrast modes). The sequence may use Cartesian
sampling with volumetric interpolation along the partition direction and in-plane
golden angle radial sampling or 3D golden angle radial sampling.

[0090] An example of a hybrid, slab-selective, 3D radial pulse sequence that can
be implemented for 4D-MRI includes switchable gradient and RF spoiled, balanced
steady-state free precession, Dixon, and reversed fast imaging in steady-state
precession (reversed FISP or PSIF) modes, which can produce T1 contrast, mixed T2/T2
contrast, and T2 contrast. Cartesian encoding of all partitions is performed linearly,
along the k: direction for a given spoke angle, generating a spoke-plane. After
acquisition of all partitions within the spoke-plane, the spoke angle is incremented by
the golden angle (pi*golden ratio = 111.245 degrees) and another spoke-plane is
acquired, as shown in FIG. 10. In this hybrid 3D golden angle radial stack of stars
trajectory, all partitions defining a spoke-plane are acquired before incrementing the
spoke angle. This process is repeated for the entire scan duration.

[0091] To extract a self-navigation signal, a spectrum along the axis of rotation
(kx=ky=0) of each spoke-plane can be extracted for each receive coil and can be zero

padded along k.. A 1D FFT can then be performed to generate a projection. The

maximum spatial shift between the i" projection and a reference projection can be
determined using cross-correlation or center of mass and plotted as a function of time.
A bandpass filter (e.g., a filter with a passband of 0.1-0.5 Hz) can be applied to each of
the coil waveforms. The filtered waveforms from each coil can then combined into a
single waveform using principal component analysis or other suitable processing
techniques. The combined waveform mimics the signal generated from a respiratory

bellows.
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[0092] The peaks of each respiratory phase in the navigator waveform,
corresponding to end inspiration, can be auto-detected. A patient-specific non-
parametric confidence interval can then be determined and applied as a data integrity
constraint. Data from peaks falling outside the confidence interval (e.g., shallow or deep
breaths) can then be skipped in the reconstruction.

[0093] The respiratory cycles, or only those respiratory cycles surviving the
data-integrity constraints, are decimated into phase bins. As one example, ten phase
bins can be used. A lookup table (LUT) can be generated relating spoke angle to bin
number for all spoke angles in the acquisition. The LUT can then be applied to reshuffle
the k-space trajectory, density compensation factors, and data to fill a hybrid 3D+time
k-space containing of the number of phase bins.

[0094] An example phase-resolved 4D-MRI reconstruction is shown
schematically in FIG. 11. A motion surrogate signal extracted from a projection along the
slab-select direction is used to reshuffle the data into its appropriate respiratory phase.
Irregular breaths (i.e., those breaths that lie outside of a 95% confidence interval) are
excluded from reconstruction. The reshuffled k-space data is brought into a hybrid
space (kx, ky, z). The data and k-space trajectory for each phase are passed into either
the NUFFT, CG-SENSE, XD-GRASP, or SPIRIT reconstruction algorithms, which return a
full 3D volume at each respiratory phase.

[0095] Correction for gradient and receive chain group delays can be performed
using an iterative approach. After the reshuffling, phase correction (similar to EPI
reference correction) can also be performed to further align all projections within a
respiratory bin. Volumetric interpolation is performed along the k; direction followed
by a 1D FFT along kz. Correction for k-space sparsity can be implemented, such as by

using the SPIRIT algorithm with NUFFTs applied along the kx-ky dimensions.
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Reconstructed 3D volumes for each bin can be output as DICOM images, reloaded back
to the scanner, and corrected for gradient nonlinearities using a vendor-provided 3D
distortion correction algorithm.

[0096] The method described above implements a reshuffling of k-space data.
FIG. 12 illustrates an example of acquired and reshuffled radial k-space trajectories for
one respiratory phase bin of one patient. Radial k-space rasters ensure the center of k-
space is covered with each spoke, preventing shading artifacts that would be apparent
in reshuffled Cartesian acquisitions. Compared to the acquired trajectory, in which 89
spokes are quasi-uniformly distributed in k-space, the reshuffled trajectory for one
respiratory phase bin contains a larger number of spokes (209 in this example), but
exhibits regions of k-space sparsity. One benefit of the golden angle radial rasters is
that all spokes meeting the integrity constraints described above can be used without
needing to handle data averaging of overlapping spokes.

[0097] This method utilizes the self-navigating properties of radial k-space
trajectories to generate phase-resolved 4D-MR images. The change in intensity that
produces the self-navigating signal arises from a change in total signal power in the
excited volume during respiration. The method described here eliminates the need for
external respiratory surrogates (e.g., bellows, reflector camera, body surface area),
improves image contrast, and reduces sorting errors compared to 4D-CT, which in turn
eliminates imaging radiation dose. The spin system steady state is maintained by
consecutively exciting the same slab with each shot, and increased efficiency is obtained
by eliminating the need to interlace 1D pencil beam or 2D image navigators. Overall
clinical efficiency improves with the method described here because iterative fine
tuning of a respiratory bellows position is eliminated, signal saturation and gain

resetting is avoided, and reshuffling is performed in reconstruction rather than as a
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separate post-processing procedure (e.g, as is done in conventional 4D-CT).

[0098] The method described here also utilizes volumetric interpolation along
the k; direction. By undersampling along the partition direction, the sampling rate of the
navigator can be increased. In addition, using Cartesian encoding along k; eliminates the
need for 3D gridding or NUFFT algorithms, permitting parallelized reconstruction, and
thereby decreasing image reconstruction times.

[0099] In addition to self-navigating properties, radial trajectories offer a
number of advantages including acquisition of reduced FOV images without aliasing,
motion resilience, and relatively benign undersampling artifacts. Furthermore, using
golden angle stepping through radial angles reduces eddy currents compared to linear
stepping radial trajectories.

[00100] Interrogation of the combined navigator waveform derived as described
above, and its FFT, can be used to assess whether a given patient would be a good
candidate for respiratory-gated treatment delivery. If so, the 4D-MR images can be used
to construct gated planning target volumes from a sub-selection of respiratory phases
for gated treatment deliveries. If not, a mid-position image can be derived that provides
a time-averaged anatomy for non-gated radiation delivery. Similar to the mid-position
image derived from 4D-CT, the mid-position 4D-MR image demonstrates reduced image
artifacts (e.g, streaking). Motion models can be used to transfer respiratory
triggered/gated and breath-hold MR images (acquired at potentially different points in
the respiratory cycle) to the mid-position image for target and OAR delineation.

[00101] Through the use of deformable image registration, 4D-MRI can serve as a
vehicle to transform images acquired in a position favorable for motion management
(e.g., end inspiratory breath holds) to a position more favorable for treatment delivery

(e.g., end expiration for gating).
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[00102] The optimal image contrast and timing of the 4D-MRI may be disease
specific. The method described above provides switchable T1, mixed T2/T1, and T2
contrasts, which permits tailoring of the 4D-MRI acquisition to best visualize a
particular tumor or critical structure. Furthermore, for tumors and tissue with slow
kinetics (e.g., washout), target visualization may be improved by adjusting the position
of 4D-MRI acquisition within the MRI simulation protocol. For example, visualization of
hepatocellular carcinoma (HCC) and esophageal cancer may benefit from T2 contrast
obtained by acquiring 4D-MRI images in bSSFP or PSIF modes. However, visualization of
cholangiocarcinoma and liver metastasis may benefit from T1 contrast obtained by
acquiring 4D-MR images in SPGR mode at a delay following contrast administration.
Visualization of lung tumors may benefit from SPGR mode to eliminate banding artifacts
present in bSSFP mode in regions of high magnetic susceptibility. Because the center of
k-Space is acquired with each spoke, radial rasters results in an “averaged” post-
contrast image as contrast washes in and out.

[00103] Examples of different 4D-MRI acquisition strategies utilizing alternative
contrast modes and timings are shown in FIGS. 13A-13D. Hepatocellular carcinoma and
esophageal cancer benefit from increased T2 weighting (FIG. 13A). Pancreatic cancer
benefits from T1 weighted imaging (FIG. 13B). Cholangiocarinoma benefits from post-
Eovist T1 weighted imaging (FIG. 13C). Liver metastases benefits from post-contrast T1
imaging (FIG. 13D).

[00104] The auto-alignment of 2D cine imaging planes can be used to verify 4D-
MRI motion estimates during 4D-MRI commissioning or MRI simulation. In addition, the
feature could be implemented to align cine images for real-time motion management on
MRI-gRT systems following a daily pre-beam 4D-MRI scan to assess anatomy and

motion variation of the day.
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[00105] The methods described here utilize a constrained phase-based sorting
technique to reshuffle the k-space data. This approach excludes outlying shallow or
deep breaths from confounding motion models derived from 4D-MRI. The result of this
operation is a mean respiratory motion model. Alternatively, conventional phase-based
or amplitude-based sorting methods could also be used.

[00106] Though a retrospective approach to reconstruct 4D-MRI images is
described above, the method could be extended to prospective acquisitions. For
instance, the method could be extended to prospective acquisitions with near real-time
feedback of the navigating waveform so the user can assess the reliability of the patient
breathing.

[00107] In some implementations of the methods described in the present
disclosure, radial CAIPIRINHA acquisitions can be implemented. Radial CAIPIRINHA
acquires multiple 2D slices concurrently and separates the aliased slices during image
reconstruction. This technique utilizes phase-controlled radio frequency pulses along
with a radial k-space trajectory. An example of a radial k-space trajectory that can be
used with radial CAIPIRINHA acquisitions is shown in FIG. 144, in which alternating
phase cycling for two-band simultaneous multislice imaging is implemented. The solid
lines in FIG. 14A indicate k-space lines acquired with a first phase and the dashed lines
in FIG. 14A indicate k-space lines acquired with a second phase that is different from the
first phase. FIG. 14B illustrates simulated two-band slice profiles with flip angle shown
in black (right axis) and magnetization phase shown in gray (left axis). The dashed and
solid gray lines in FIG. 14B show the phase for the dashed and solid spokes in FIG. 144,
respectively. Note that the phase stays constant on the left slice while there is a phase
difference of m between alternating spokes on the right slice.

[00108] The radial CAIPIRINHA acquisition permits rapid separation of aliased
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slices in reconstruction and provides an extremely low latency motion signal from the
center of each radial spoke to guide tracking algorithms. The acceleration along the slice
select direction can be combined with in-plane acceleration through radial
undersampling to achieve effective frame rates approaching 10 frames/sec.

[00109] Accurate control of the phase of each simultaneously excited slice is
essential to any CAIPIRINHA acquisition. To meet this specification, Shinnar-Le Roux
(SLR) RF pulses can be implemented. The process of designing RF pulses for radial
CAIPIRINHA applications can begin with an RF pulse for a single slice. A copy of the
polynomial coefficients for this RF pulse can be made for each intended SMS slice
location. The phase of each set of coefficients can be modulated to account for slice
location, RF pulse duration, the isocenter delay, and the desired phase tag. The phase-
modulated coefficients from each slice can then be added together and an inverse SLR
transform can be applied to map them back to a multiband RF pulse.

[00110] Images can be reconstructed from data acquired using a radial
CAIPIRINHA acquisition as follows. The radial data can first be corrected for timing
offsets to avoid signal roll-off near the edges of the images. This correction can be
iteratively implemented by computing the linear phase ramp in the projection domain
that produced the maximum image intensity. A ramp filter (e.g.,, a Ram-Lak filter) can be
used as a density compensation function for the radial data. The image of the slice that
saw a constant phase of zero radians over every spoke can be obtained using a non-
uniform fast Fourier transform (NUFFT). To reconstruct the image of the other slices,
the conjugate of the phase that was applied with the RF pulse is first added to each
spoke. For example, to reconstruct the right slice in FIG. 14B, dashed spokes in FIG. 14A

/2 +irzf2

were multiplied by e and solid spokes were multiplied by e . The NUFFT was

then used to reconstruct the phase-cycled slice.
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[00111] In some implementations, a continuous golden angle acquisition can be
used. In these instances, a sliding window reconstruction can be chosen such that all
slices in each cine frame were reconstructed with a selected number of k-space spokes,
such as 144 spokes. Half of the k-space can thus be shared between neighboring
temporal frames.

[00112] Because the radial k-space trajectories used in a radial CAIPIRINHA
acquisition sample the center of k-space with each spoke, the k-space center signal from
two simultaneously excited slices can be used as a motion surrogate, such as for
synthetic volume imaging applications described in the present disclosure.

[00113] Radial k-space trajectories are advantageous for real-time imaging of a
subject in the presence of respiratory motion because of their robustness to intra-slice
motion, reduced undersampling artifact, and inherent navigator. As an advantage of
radial CAIPIRINHA over Cartesian CAIPI, parallel imaging algorithms are not required to
obtain an initial image of each of the simultaneously excited slices acquired using radial
CAIPIRINHA.

[00114] There are also advantages of radial over Cartesian trajectories for cine
MRI. Sampling of the DC signal with every spoke gives radial trajectories a very large
tolerance against motion artifacts, even in fast moving structures like the heart. Because
undersampling radial trajectories produces aliasing in the form of streaking rather than
signal wraparound, undersampled radial images are still usable. Therefore, radially
sampled k-space can be undersampled and images reconstructed without using parallel
image reconstruction techniques without greatly impacting image quality. Reducing
latency by avoiding time-expensive reconstruction algorithms is a benefit of radial
imaging. In addition, reduced field-of-view images may be obtained by increasing the

receiver bandwidth along each spoke.
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[00115] The magnitude of the center k-space point from every spoke also acts as
an inherent navigator signal, mitigating the need to use a respiratory bellows for
surrogate information. Choosing an MRI pulse sequence that contains an inherent
navigator eliminates the need for a surrogate signal like a respiratory bellows. The 2D
navigator may be correlated with an interpolated average navigator from a 4D MRI
acquisition to obtain low latency estimates of anatomical location and motion. Real-time
segmentation of the cine images and their registration to a 3D reference volume can
further improve and help predict target and organ-at-risk location.

[00116] Minimizing latency in the acquisition, reconstruction, and segmentation
chain is important for accurate target tracking in MRI-guided radiotherapy. Radial
CAIPIRINHA and the other techniques described in the present disclosure provide for
the acquisition of extremely low latency motion information (e.g., updated every TR)
with higher latency images sampled at multiple spatial locations. The low latency
motion estimation can be used to drive motion prediction algorithms based on 4D-MRI
data, with verification of anatomy position using the higher latency, segmented radial
CAIPIRINHA images.

[00117] Referring particularly now to FIG. 15, an example of an MRI system 100
that can implement the methods described here is illustrated. In some configurations,
the MRI system can incorporate a radiation treatment system, with such systems being
referred to as MRI-guided radiation therapy (“MR-gRT") systems.

[00118] The MRI system 100 includes an operator workstation 102 that may
include a display 104, one or more input devices 106 (e.g., a keyboard, a mouse), and a
processor 108. The processor 108 may include a commercially available programmable
machine running a commercially available operating system. The operator workstation

102 provides an operator interface that facilitates entering scan parameters into the
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MRI system 100. The operator workstation 102 may be coupled to different servers,
including, for example, a pulse sequence server 110, a data acquisition server 112, a
data processing server 114, and a data store server 116. The operator workstation 102
and the servers 110, 112, 114, and 116 may be connected via a communication system
140, which may include wired or wireless network connections.

[00119] The pulse sequence server 110 functions in response to instructions
provided by the operator workstation 102 to operate a gradient system 118 and a
radiofrequency (“RF”) system 120. Gradient waveforms for performing a prescribed

scan are produced and applied to the gradient system 118, which then excites gradient

coils in an assembly 122 to produce the magnetic field gradients G, Gy, and G that

are used for spatially encoding magnetic resonance signals. The gradient coil assembly
122 forms part of a magnet assembly 124 that includes a polarizing magnet 126 and a
whole-body RF coil 128.

[00120] RF waveforms are applied by the RF system 120 to the RF coil 128, or a
separate local coil to perform the prescribed magnetic resonance pulse sequence.
Responsive magnetic resonance signals detected by the RF coil 128, or a separate local
coil, are received by the RF system 120. The responsive magnetic resonance signals may
be amplified, demodulated, filtered, and digitized under direction of commands
produced by the pulse sequence server 110. The RF system 120 includes an RF
transmitter for producing a wide variety of RF pulses used in MRI pulse sequences. The
RF transmitter is responsive to the prescribed scan and direction from the pulse
sequence server 110 to produce RF pulses of the desired frequency, phase, and pulse
amplitude waveform. The generated RF pulses may be applied to the whole-body RF
coil 128 or to one or more local coils or coil arrays.

[00121] The RF system 120 also includes one or more RF receiver channels. An RF
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receiver channel includes an RF preamplifier that amplifies the magnetic resonance
signal received by the coil 128 to which it is connected, and a detector that detects and
digitizes the [ and Q quadrature components of the received magnetic resonance signal.
The magnitude of the received magnetic resonance signal may, therefore, be determined

at a sampled point by the square root of the sum of the squares of the I and Q

components:
M=\I’+0 (15);
[00122] and the phase of the received magnetic resonance signal may also be

determined according to the following relationship:

- Q
‘Z): tan = .
(1 ) (16)

[00123] The pulse sequence server 110 may receive patient data from a
physiological acquisition controller 130. By way of example, the physiological
acquisition controller 130 may receive signals from a number of different sensors
connected to the patient, including electrocardiograph (“ECG”) signals from electrodes,
or respiratory signals from a respiratory bellows or other respiratory monitoring
devices. These signals may be used by the pulse sequence server 110 to synchronize, or
“gate,” the performance of the scan with the subject’s heart beat or respiration.

[00124] The pulse sequence server 110 may also connect to a scan room interface
circuit 132 that receives signals from various sensors associated with the condition of
the patient and the magnet system. Through the scan room interface circuit 132, a
patient positioning system 134 can receive commands to move the patient to desired
positions during the scan.

[00125] The digitized magnetic resonance signal samples produced by the RF

system 120 are received by the data acquisition server 112. The data acquisition server
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112 operates in response to instructions downloaded from the operator workstation
102 to receive the real-time magnetic resonance data and provide buffer storage, so that
data is not lost by data overrun. In some scans, the data acquisition server 112 passes
the acquired magnetic resonance data to the data processor server 114. In scans that
require information derived from acquired magnetic resonance data to control the
further performance of the scan, the data acquisition server 112 may be programmed to
produce such information and convey it to the pulse sequence server 110. For example,
during pre-scans, magnetic resonance data may be acquired and used to calibrate the
pulse sequence performed by the pulse sequence server 110. As another example,
navigator signals may be acquired and used to adjust the operating parameters of the
RF system 120 or the gradient system 118, or to control the view order in which k-space
is sampled. In still another example, the data acquisition server 112 may also process
magnetic resonance signals used to detect the arrival of a contrast agent in a magnetic
resonance angiography (“MRA”) scan. For example, the data acquisition server 112 may
acquire magnetic resonance data and processes it in real-time to produce information
that is used to control the scan.

[00126] The data processing server 114 receives magnetic resonance data from
the data acquisition server 112 and processes the magnetic resonance data in
accordance with instructions provided by the operator workstation 102. Such
processing may include, for example, reconstructing two-dimensional or three-
dimensional images by performing a Fourier transformation of raw k-space data,
performing other image reconstruction algorithms (e.g., iterative or backprojection
reconstruction algorithms), applying filters to raw k-space data or to reconstructed
images, generating functional magnetic resonance images, or calculating motion or flow

images.
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[00127] Images reconstructed by the data processing server 114 are conveyed
back to the operator workstation 102 for storage. Real-time images may be stored in a
data base memory cache, from which they may be output to operator display 102 or a
display 136. Batch mode images or selected real time images may be stored in a host
database on disc storage 138. When such images have been reconstructed and
transferred to storage, the data processing server 114 may notify the data store server
116 on the operator workstation 102. The operator workstation 102 may be used by an
operator to archive the images, produce films, or send the images via a network to other
facilities.

[00128] The MRI system 100 may also include one or more networked
workstations 142. For example, a networked workstation 142 may include a display
144, one or more input devices 146 (e.g., a keyboard, a mouse), and a processor 148.
The networked workstation 142 may be located within the same facility as the operator
workstation 102, or in a different facility, such as a different healthcare institution or
clinic.

[00129] The networked workstation 142 may gain remote access to the data
processing server 114 or data store server 116 via the communication system 140.
Accordingly, multiple networked workstations 142 may have access to the data
processing server 114 and the data store server 116. In this manner, magnetic
resonance data, reconstructed images, or other data may be exchanged between the
data processing server 114 or the data store server 116 and the networked
workstations 142, such that the data or images may be remotely processed by a
networked workstation 142.

[00130] The present disclosure has described one or more preferred

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

the scope of the invention.
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CLAIMS
1. A method for acquiring magnetic resonance data using a magnetic
resonance imaging (MRI) system, the steps of the method comprising:
(a) performing a pulse sequence with the MRI system, wherein the pulse
sequence includes:

a first radio frequency (RF) excitation pulse that excites spins in a first
slice;

a first slice encoding gradient produced along a first axis and
contemporaneous with the first RF excitation pulse to provide slice
encoding of the spins in the first slice;

a second RF excitation pulse that excites spins in a second slice that is
orthogonal to the first slice;

a second slice encoding gradient produced along a second axis that is
orthogonal to the first axis and contemporaneous with the second RF
excitation pulse to provide slice encoding of the spins in the second
slice;

a first phase encoding gradient produced along the first axis to provide
phase encoding of spins in the second slice;

a second phase encoding gradient produced along the second axis to
provide phase encoding of spins in the first slice;

a frequency encoding gradient produced along a third axis that is
orthogonal to the first axis and the second axis, and that forms a first
echo signal at a first echo time and a second echo signal at a second

echo time, wherein the first echo signal is associated with spins in the

-39-



WO 2017/173437 PCT/US2017/025703

first slice and the second echo signal is associated with spins in the
second slice.
(b)  acquiring first data from the first echo signal with the MRI system, the
first data being associated with the first slice; and
(9 acquiring second data from the second echo signal with the MRI system,

the second data being associated with the second slice.

2. The method as recited in claim 1, wherein the first echo occurs before the

second echo.

3. The method as recited in claim 1, wherein the first echo occurs after the

second echo.

4, The method as recited in claim 1, wherein the first echo time and the

second echo time are equal.

5. The method as recited in claim 1, wherein the first echo time and the

second echo time are not equal.

6. The method as recited in claim 1, wherein:

the first RF excitation pulse is a multiband RF pulse that simultaneously excites
spins in a plurality of parallel first slices that are each orthogonal to the
second slice;

the first slice encoding gradient provides slice encoding of the spins in the

plurality of parallel first slices;
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the second phase encoding gradient provides phase encoding of the spins in the
plurality of parallel first slices; and

the first data is associated with the plurality of parallel first slices.

7. The method as recited in claim 6, wherein:

the second RF excitation pulse is a multiband RF pulse that simultaneously
excites spins in a plurality of parallel second slices that are each orthogonal
to the plurality of parallel first slices;

the second slice encoding gradient provides slice encoding of the spins in the
plurality of parallel second slices;

the first phase encoding gradient provides phase encoding of the spins in the
plurality of parallel second slices; and

the second data is associated with the plurality of parallel second slices.

8. The method as recited in claim 7 further comprising reconstructing a
plurality of first images from the first data and a plurality of second images from the
second data, wherein each of the plurality of first images depict a different one of the
plurality of parallel first slices and each of the plurality of second images depict a
different one of the plurality of parallel second slices.

9. The method as recited in claim 6, further comprising reconstructing a
plurality of first images from the first data and a second image from the second data,
wherein each of the plurality of first images depict a different one of the plurality of

parallel first slices and the second image depicts the second slice.
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10.  The method as recited in claim 9, wherein reconstructing the plurality of
first images from the first data includes forming reference data from the first data and
using the reference data to estimate a reconstruction kernel to reconstruct the plurality
of first images, wherein the reference data are formed by selectively combining k-space

data that samples a center region of k-space from consecutive repetition time periods.

11.  The method as recited in claim 10, wherein selectively combining the k-
space data that samples the center region of k-space from consecutive repetition time

periods includes adding and subtracting the k-space data using Hadamard encoding.

12. The method as recited in claim 1, further comprising reconstructing a first
image from the first data and a second image from the second data, wherein the first

image depicts the first slice and the second image depicts the second slice.

13.  The method as recited in claim 1, wherein the pulse sequence further
comprises:

a third RF excitation pulse that excites spins in a third slice that is orthogonal
to the first slice and the second slice;

a third slice encoding gradient produced along the third axis and
contemporaneous with the third RF excitation pulse to provide slice
encoding of the spins in the third slice;

a third phase encoding gradient produced along the first axis to provide

phase encoding of spins in the third slice;
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a second frequency encoding gradient produce along the second axis to form
a third echo signal at a third echo time, wherein the third echo signal is
associated with spins in the third slice; and
further comprising acquiring third data from the third echo signal with the MRI

system, the third data being associated with the third slice.

14.  The method as recited in claim 1, further comprising:

estimating k-t space weights from the first data and the second data using a
computer system,

providing to the computer system magnetic resonance data acquired by
interleaved data acquisition between two different orthogonal imaging
planes such that the magnetic resonance data represent an undersampled k-t
space; and

reconstructing images from the magnetic resonance data using a reconstruction

kernel that applies the k-t- space weights to the magnetic resonance data.

15.  The method as recited in claim 14, wherein the magnetic resonance data

are non-T1-weighted data.

16.  The method as recited in claim 15, wherein the other magnetic resonance
data are acquired with a balanced steady-state free precession (bSSFP) pulse sequence
that alternates excitation and data acquisition between the two different orthogonal

imaging planes.
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17.  The method as recited in claim 14, wherein the magnetic resonance data
sample k-space with a different k-space trajectory than the first data and the second

data.

18. The method as recited in claim 17, wherein the first data and the second
data sample k-space with a Cartesian trajectory and the magnetic resonance data

sample k-space with one of a radial trajectory or a spiral trajectory.

19. The method as recited in claim 1, wherein the first data and the second

data are acquired using an extended readout gradient.

20. The method as recited in claim 19, wherein the first data and the second

data are acquired using simultaneous image refocusing.

21. The method as recited in claim 1, wherein the first data and the second
data are acquired using a readout gradient that forms the first echo signal and the

second echo signal as combined echo signals.

22.  The method as recited in claim 1, wherein the pulse sequence further
includes a crusher gradient applied along the third axis before the frequency encoding
gradient is applied in order to crush a free induction decay pathway for both the first

slice and the second slice.
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23.  The method as recited in claim 1, wherein the pulse sequence includes a
spoiled gradient (SPGR) pulse sequence, such that the first data and the second data are

T1-weighted data.

24.  The method as recited in claim 1, wherein the pulse sequence includes a
time-reversed fast imaging with steady-state precession (FISP) pulse sequence, such

that the first data and the second data are T2-weighted data.

25. A method for producing low latency three-dimensional volumes using a
magnetic resonance imaging (MRI) system, the steps of the method comprising:

(a) acquiring k-space data from a plurality of different slices in a subject
using an MRI system;

(b)  estimating a motion surrogate signal from the k-space data acquired in
step (a) that were sampled within a threshold distance from a center of k-
space;

() providing an average respiratory waveform associated with the subject;

(d)  generating low latency three-dimensional volumes based on a relation of

the motion surrogate signal and the average respiratory waveform;

26.  The method as recited in claim 25, wherein step (c) includes
retrospectively binning the k-space data into respiratory phase bins using the estimated
motion surrogate signal and computing the average respiratory waveform by
interpolating an average motion surrogate signal value over the respiratory phase bins

to a higher temporal resolution.
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27.  The method as recited in claim 26, wherein step (d) includes determining
a maximum relation value between the motion surrogate signal and the average
respiratory waveform and using the maximum relation value and the respiratory phase
bin associated with maximum relation value to generate a low latency three-

dimensional volume.

28. The method as recited in claim 27, wherein the maximum relation value is

a maximum correlation value.

29.  The method as recited in claim 28, wherein the low latency three-

dimensional volume generated for a given time point is generated by,

1,=C ,Bin + (1 —C )]l._l;

wherein /, is the low latency three-dimensional volume generated for the given
time point, 7;

Cmax is the maximum correlation value;

Bin_ is the respiratory phase bin associated with maximum relation value;

and

1. | is alow latency three-dimensional volume generated for a previous time

point, 7 —1.
30.  The method as recited in claim 25, wherein the k-space data are acquired

using a radial CAIPIRINHA method that simultaneously acquires k-space data from the

plurality of different slices along radial spoke k-space trajectories.
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31.  The method as recited in claim 30, wherein the motion surrogate signal is
estimated from the k-space data sampled at the center of k-space data by the radial

spoke k-space trajectories.

32.  The method as recited in claim 25, wherein the plurality of different slices
includes atleast a first slice depicting a first image plane and a second slice depicting a
second image plane that is orthogonal to the first image plane, and wherein the k-space
data are acquired by acquiring k-space data from the first image plane and the second
image plane by slice encoding spins in the first image plane using magnetic field
gradients applied along a first axis and phase encoding the spins in the first image plane
using magnetic field gradients applied along a second axis that is orthogonal to the first
axis, while slice encoding spins in the second image plane using magnetic field gradients
applied along the second axis and phase encoding the spins in the second image plane

using magnetic field gradients applied along the first axis.

33.  The method as recited in claim 32, wherein the motion surrogate signal is
estimated by producing a pseudo-projection from the k-space data that were sampled
within the threshold distance from the center of k-space and producing the motion

surrogate signal from a waveform over time extracted from the pseudo-projection.

34.  The method as recited in claim 25, wherein step (d) includes determining

the relation of the motion surrogate signal and the average respiratory waveform based

on at least one of a correlation, a root-mean-square, or a regression.
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35.  The method as recited in claim 25, further comprising calculating an
accumulated dose based at least in part on the generated low latency three-dimensional

volumes.

36. The method as recited in claim 25, further comprising providing the

generated low latency three-dimensional volumes to a radiation treatment planning

system to provide real-time adaptation of a radiation treatment plan.
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Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the intemational application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: claims 1-24: drawn to a method for acquiring magnetic resonance data using a magnetic resonance imaging (MRI) system.

Group II: claims 25-36: drawn to a method for producing low-latency three-dimensional volumes using a magnetic resonance imaging
(MRI) system.

--please see continuation on extra page--

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. [:l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
4

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

[:] No protest accompanied the payment of additional search fees.
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Continuation of Box No. IIl -- Observations where unity of invention is lacking:

The inventions listed as Groups | and Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special technical features:

Group | requires the special technical features of a first phase encoding gradient produced along the first axis to provide phase encoding
of spins in the second slice; a second phase encoding gradient produced along the second axis to provide phase encoding of spins in
the first slice; a frequency encoding gradient produced along a third axis that is orthogonal to the first axis and the second axis, and that
forms a first echo signal at a first echo time and a second echo signal at a second echo time, wherein the first echo signal is associated
with spins in the first slice and the second echo signal is associated with spins in the second slice (b) acquiring first data from the first
echo signal with the MR system, the first data being associated with the first slice; and (c) acquiring second data from the second echo
signal with the MR| system, the second data being associated with the second slice, not found in the other group.

Group |l requires the special technical features of acquiring k-space data from a plurality of different slices in a subject using an MRI
system and generating low latency three-dimensional volumes based on a relation of the motion surrogate signal and the average
respiratory waveform, not found in the other group.

Shared Features:
The only technical features shared by Groups | and |l that would otherwise unify the groups are a magnetic resonance imaging (MRI)
system producing images by taking difference slices of a subject.

However, these shared technical features do not represent a contribution over prior art, because the shared technical features are
disclosed by US 2015/0309133 A1 (Sun et al.) 29 QOctober 2015 (29.10.2015), which discloses a magnetic resonance imaging (MRI)
system producing images by taking difference slices of a subject (para [0034] -The MRI system 10 combines the slices to construct an
image of the ROl 28. The MRI system 10 may combine the slices to construct a 2D image or a 3D image of the ROI 28 without departing
from the scope of the present invention. The slices may be of arbitrary orientation, such as sagittal, coronal, or oblique orientation.).

As the shared technical features were known in the art at the time of the invention, they cannot be considered special technical features
that would otherwise unify the groups.

Groups | and |1 therefore lack unity under PCT Rule 13.
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