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RESPIRATORY MOTION ESTIMATION IN
PROJECTION DOMAIN IN NUCLEAR
MEDICAL IMAGING

RELATED APPLICATIONS

[0001] The present patent document claims the benefit of
the filing date under 35 U.S.C. § 119(e) of Provisional U.S.
Patent Application Ser. No. 62/417,023, filed Nov. 3, 2016,
which is hereby incorporated by reference.

BACKGROUND

[0002] The present embodiments relate to nuclear medical
imaging. Example nuclear imaging modalities include single
photon emission computed tomography (SPECT) and posi-
tron emission tomography (PET). A radioactive substance is
administered to a patient. An imaging detector detects the
y-radiation emitted from the patient. The detected emissions
are tomographically reconstructed to generate an image
object of locations of the emissions in a patient. Due to
respiration motion during detection, the reconstructed image
object may include motion artifacts or be blurred.

[0003] In SPECT imaging, respiratory motion causes blur-
ring and artifacts in reconstructed images due to projection
durations that approach or exceed the length of a respiratory
cycle. If a respiratory surrogate signal is available that
describes the patient’s respiratory state over time, gating
may subdivide the acquired data into segments within which
respiratory motion is small. Reconstructed gates have less
respiratory motion artifacts, but the subdivision of counts
reduces signal-to-noise ratio (SNR) in these images. For this
reason, motion correction allowing use of more data per
image is desirable, which, in turn, requires an estimation of
the patient’s respiratory motion. Correcting for respiratory
motion is very difficult due to the high noise and low
resolution of SPECT imaging.

[0004] Prevailing methods to estimate respiratory motion
rely on reconstructing gated images and using 3D-3D reg-
istration or optical flow methods to estimate motion fields
between these states. These fields may then be either applied
directly to the gated reconstructions to deform and sum them
or may be incorporated into the projection operator for a new
motion corrected reconstruction. The computational runtime
necessary to perform a series of independent reconstruc-
tions, as well as issues arising from the irregularity of patient
breathing, make these methods inconsistent. Data from some
gates may be count-deficient or completely missing at
certain view angles, resulting in poor quality gated recon-
structions that hinder the 3D-3D registration process.
[0005] A motion model may be used to reduce the number
of estimable parameters needed to calculate motion charac-
teristics and stabilize motion estimates. Due to the difficulty
in determining necessary parameters, these models are usu-
ally either based on averages over groups of patients or
trained using high quality 4-D computed tomography (CT)
or magnetic resonance (MR) data acquired prior to the
acquisition being motion corrected. The former case does
not allow for inter-patient variations in respiratory motion
and assumes that the same motion model is valid for all
patients. The latter case assumes that a patient-specific
model will be constant at two consecutive imaging time
points, which may be days apart. Both cases are incapable of
adapting to changes in respiration that may occur as the
nuclear imaging acquisition progresses.
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[0006] An alternative for cases where respiratory motion
may be described sufficiently in the projection space is to
estimate motion using a series of 2D-2D registrations at each
projection view. These 2D motion fields may be applied
directly to the data prior to reconstruction or passed to the
projection operator. In either case, the issue of irregular
breathing is mitigated, and computation time may be spared.
Nuclear imaging suffers from image noise, and image noise
may destabilize the motion estimates.

SUMMARY

[0007] By way of introduction, the preferred embodiments
described below include methods, systems, and non-transi-
tory computer readable media for correction of respiratory
motion in nuclear medical imaging. Rather than pairwise
estimation of motion from projection views, a sequence-
based technique is used to jointly estimate motion across
many projection views. Rather than estimating motion
directly, the parameters of a motion model are determined.
In one approach, this sequence-based method is iteratively
solved with a maximum likelihood objective function incor-
porating the motion model. A respiratory surrogate signal is
used to gate for the joint estimation and used to convert
gated motion parameters to temporal motion parameters.

[0008] Ina first aspect, a method is provided for correction
of respiratory motion in a nuclear medical imaging system.
A nuclear imaging detector detects emissions over time from
a patient. The detected emissions represent projection data
and are subject to respiration motion of the patient. The
projection data is gated into three or more sets. The respi-
ration motion is estimated with an iterative solution of a
maximum likelihood objective function based on the gated
projection data of the three or more sets. The objective
function includes a motion model of parameters of the
respiration motion. The projection data is corrected as a
function of the estimated respiration motion. An image
object of the patient is reconstructed from the corrected
projection data. An image of the reconstructed image object
is generated.

[0009] In a second aspect, a method is provided for
correction of respiratory motion in a single photon emission
computed tomography (SPECT) medical imaging system.
SPECT emission data of a patient is respiration gated with
a surrogate respiration signal into respiration gated sets of
SPECT emission data. Two-dimensional motion vectors are
jointly estimated across the respiration gated sets of SPECT
emission data. Respiration motion is determined as a func-
tion of time from the surrogate respiration signal and the
two-dimensional motion vectors from each gate. A SPECT
image of the patient is generated from the SPECT emission
data and the respiration motion.

[0010] In a third aspect, a nuclear imaging system is
provided. A detector is for detecting signals along lines of
response from a patient. A motion processor is configured to
determine a respiration surrogate signal form the signals,
gate the signals with the respiration surrogate signal into
three or more gated sets, and jointly solve for motion in all
the gated sets with iterative solution based on a motion
model of the motion. A reconstruction processor is config-
ured to reconstruct an image of the signals from the patient,
the image being a function of the motion used in recon-
struction or used in correction of the signals. A display is
configured to display the image.
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[0011] The present invention is defined by the following
claims, and nothing in this section should be taken as a
limitation on those claims. Further aspects and advantages
of the invention are discussed below in conjunction with the
preferred embodiments and may be later claimed indepen-
dently or in combination.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The components and the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, in the figures, like
reference numerals designate corresponding parts through-
out the different views.

[0013] FIG. 1 is a flow chart diagram of one embodiment
of a method for correction of respiratory motion in a nuclear
medical imaging system;

[0014] FIG. 2 is a flow chart diagram of another embodi-
ment of the method for correction of respiratory motion in
a nuclear medical imaging system;

[0015] FIG. 3 illustrates a simulation of Gaussian blobs
for comparing motion correction techniques;

[0016] FIGS. 4A-E show example simulation results
based on FIG. 3 where FIG. 4A shows motion blurred, noisy
data, FIG. 4B shows an image corrected with true shifts,
FIG. 4C shows a solution using maximization of pairwise
cross-correlations, FIG. 4D shows a solution using minimi-
zation of sum of squared differences, and FIG. 4E shows a
solution using joint estimation of motion model parameters;
[0017] FIG. 5 shows true and mean estimated Y shifts
from a simulation study using cross-correlation (CC) and
sum of squared differences (SSD) in a pairwise implemen-
tation and maximum likelihood in a joint estimation with a
motion model (S-MM);

[0018] FIGS. 6A and C show uncorrected reconstruction
images of one patient from the coronal and sagittal views,
and FIGS. 6B and 6D show reconstruction images of the
same patient corrected for motion with joint motion estima-
tion;

[0019] FIG. 7 shows axial profiles from the uncorrected
and motion corrected (S-MM) reconstructions drawn along
the vertical line shown in FIG. 6A; and

[0020] FIG. 8 is a block diagram of a nuclear imaging
system, according to one embodiment, for respiration
motion correction.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0021] The flexibility and potential reduction in estimation
bias available by pairwise motion tracking is combined with
the stability offered by surrogate-signal driven motion mod-
els. This is accomplished by fitting the parameters of a
motion model using a sequence of respiratory gated projec-
tion frames. Instead of a series of pairwise registrations to a
reference gate which only consider a portion of the data, a
joint estimation takes advantage of all or most available data
at each projection step. The estimated model parameters are
used, together with a respiratory surrogate signal, to obtain
a motion estimate. Two-dimensional (2D) motion in the
projection space of SPECT images is used for respiratory
motion correction.

[0022] A patient-specific motion model whose parameters
are estimated at each projection allows for inter- and intra-
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patient variation in respiratory motion characteristics. The
use of a motion model allows for a reduction in estimated
parameters, and a joint estimation technique allows all data
to be used at once for motion estimation. These two addi-
tions to the standard 2D pairwise technique may provide low
bias and provide more stable results with lower variance.
Applying a motion model to pairwise motion tracking fails
to realize the benefits by ignoring large portions of the data
during each independent pairwise estimate (e.g. only 20%
are considered in the five-gate case). Using the joint esti-
mation scheme in pairwise motion tracking without a motion
model, while utilizing all the available data, fails to reduce
the number of estimable parameters and thus also does not
realize gains in stability.

[0023] FIG. 1 shows one embodiment of a method for
correction of respiratory motion in a nuclear medical imag-
ing system, such as a SPECT system. Joint estimation of
motion in gated projections using a motion model provides
motion used to correct the locations assigned to the projec-
tions or lines of response of the detected emissions. By
correcting the projection data for motion, an image object
reconstructed from the motion corrected projection data may
have less blur or motion artifact. Alternatively, the motion is
used in the projection operator for or during reconstruction.
[0024] The method is implemented by a nuclear imaging
system, such as the nuclear imaging system of FIG. 8. APET
or SPECT imaging system may be used. In the examples
below, SPECT is used. A detector, such as a gamma camera
or ring of detectors, detects emissions in act 20, one or more
image processors performs acts 24-30, and a display,
memory interface, or network interface may be used for act
30. Other devices may be used to perform any of the acts,
such as a graphics processing unit and/or reconstruction
processor.

[0025] The acts are performed in the order shown (e.g., top
to bottom or numerical) or other orders. For example, the
correction of act 34 may be part of the reconstruction of act
36 where the estimated motion is used in the system matrix
or projection operator for reconstruction.

[0026] Additional, different, or fewer acts may be per-
formed. For example, act 20 is not provided where the
detected emissions are stored or transferred from memory.
As another example, act 26 may not be provided. In other
examples, act 30 is not provided, and the motion estimate is
used for other purposes than imaging. Acts for configuring
the imaging system or use of results may be provided.
[0027] 1In act 20, emissions from a patient are detected.
After ingesting or injecting a radiotracer into the patient, the
patient is positioned relative to a detector, and/or the detector
is positioned relative to the patient. Emissions from the
radiotracer within the patient are detected over time. A
collimator in front of the detector limits the direction of
photons detected by the detector, so each detected emission
is associated with an energy and line of response (e.g., a
cone of possible locations from which the emission
occurred). The detection along lines of response forms
projection data, data representing emissions along lines
generally perpendicular to the detector. The depth of the
emission from the detector is not known.

[0028] For SPECT, the detector may be rotated or moved
relative to the patient, allowing detection of emissions from
different angles and/or locations in the patient. For multi-
camera SPECT, emissions may be detected at a same time
using cameras at different angles relative to the patient. In
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PET embodiments, the detector is formed in a ring so that
coincidence is used to detect the same emission from
different directions along the lines of response.

[0029] The detector includes direct detection with CZT or
indirect conversion (e.g., Nal, LSO layered scintillation
crystal) using photomultiplier tubes, SiPM, or other photon
detectors. For SPECT, detectors are arranged along a rect-
angular or other grid to provide a two-dimensional planar
array for detecting gamma radiation along lines of response
corresponding to the cells or pixels of the planar array. For
PET, the photomultiplier tubes are arranged in a ring around
a patient. Other types of detectors may be used, such as any
gamma detector.

[0030] The emissions over time are detected. Due to the
detection along lines of response, the detections constitute
projections of the emissions. By detecting at different loca-
tions (e.g., pixels in a SPECT detector), projection data (e.g.,
no depth or limited depth information) distributed over
multiple dimensions is provided. For example, a SPECT
detector at one location relative to the patient generates
projection data distributed along two dimensions of the
planar SPECT detector.

[0031] Since the detection of emissions takes many sec-
onds or minutes to gather sufficient data to avoid or limit
artifacts due to poor SNR, the detected emissions are subject
to respiration motion of the patient. As the patient is
scanned, the patient breathes. This respiration motion causes
parts of the patient to shift so that a detection from one
location in the patient is at one pixel of the detector at one
time, but another pixel of the detector at another time. The
resulting projection data even with a same position of the
detector relative to the patient is subject to blurring due to
respiration motion.

[0032] 1In act 24, the projection data is respiration gated.
Although a motion estimation at the time resolution of the
imaging system is possible, the low clinical count rates may
result in poor SNR. Respiratory gating may improve SNR.
[0033] Any number of gates may be used. For example,
three or more (e.g., five or eight) sets of respiration gates are
used. Each gate represents a part of the respiration cycle, so
that projection data subjected to similar motion or location
shift is grouped together.

[0034] In gating, the respiration cycle is divided into
non-overlapping surrogate signal amplitude or cycle phase
ranges. Bach detected emission is assigned to one of the
gated sets of data. For each gate, a set of data is formed. The
gated sets of projection data from the detected emissions
form respiration gated sets of SPECT emission data.
[0035] The gating is performed with a surrogate respira-
tion signal. Any source or measure of the respiration cycle
of the patient may be used, such as a breathing sensor,
pressure sensor, or motion sensor. In one approach, the
surrogate respiration signal is derived from variation in the
projection data as a function of time. Before gating, the
projection data over time is analyzed to determine variation
as a function of time. In one embodiment, the projection data
is in a listmode data format. At each SPECT camera stop,
data is initially binned into 200 ms frames, yielding a
sequence g,(y), where tis time and y the projection data. The
respiratory surrogate signal is estimated by reducing the
dimensionality of the data frames, resulting in a one-dimen-
sional temporal sequence of amplitude variation. This varia-
tion is the surrogate signal then used to drive amplitude-
based gating to re-aggregate the bins or projection data into
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the respiratory gates (e.g., K=5), thus yielding the sequence
2,(y), where k is the gate number. Other gating may be used.

[0036] Amplitude-based gating may temporally subdivide
the input projection data into gates such that each gate has
an equal or similar number of counts. This equal or similar
distribution allows an increased SNR in each gated set,
2,(y), of projection data, while still fulfilling the condition
that motion within the gate is small. Other amplitude or
phase variation approaches may be used.

[0037] For each gate, a frame or set of projection data is
provided. For SPECT, the set of projection data represents a
two-dimensional spatial array of counts or emissions for one
camera position of the SPECT detector. The detected emis-
sions for the range of times or cycle phase of the gate are
collected and form the gated projection image.

[0038] Separate gating is performed for different SPECT
detector positions or angles relative to the patient. The
projection data from each SPECT detector or camera is
handled separately. In one embodiment using a dual detector
system, projection data from each camera position for two
simultaneously-acquired projections with a dual SPECT
camera system are considered independently. Prior to
motion estimation, the raw data are subdivided into K
respiratory gates and scatter-corrected. Alternatively, the
data from cameras 180 degrees apart may be combined. The
iterative solution is performed independently for each cam-
era position. In the case where the angular separation
between detectors is 180°, data from one detector is reflected
across the vertical axis and added to data from the other
detector. The two detectors observe the same motion. For
cases such as cardiac imaging, where the angular separation
may be less than 180°, estimation of the horizontal motion
parameters for both detectors is carried out separately.

[0039] In act 26, the image processor or other processor
masks the projection data. Each gate or set of projection data
is masked. Different masks are provided for the different
gates or a same mask is used for two or more (e.g., all) of
the gates. The mask is based on projection data for one gate
or for multiple gates. In alternative embodiments, masking
is applied prior to gating (e.g., on a collection of all the
detected emissions) or masking is not used.

[0040] The masking removes data that is likely noise or
not of interest. Background activity that might hinder recov-
ery of the motion of the object(s) of interest is reduced or
removed. The count for the location to be removed is
reduced or set to zero.

[0041] Image processing determines the locations of the
background activity. For example, a thresholding with or
without spatial low pass filtering is applied to create a binary
mask. In one embodiment, the masking is a function of a
shape, such as an ellipsoid, fit to the projection data of the
gate. For example, in hepatic (e.g., liver) imaging, sums over
the horizontal and vertical dimensions are calculated. The
full width at 10% of the maximum (FWTM) of the resulting
marginalizations is computed. An ellipsoid is defined in the
projections of the gates centered at the center of mass (CoM)
with the horizontal and vertical widths corresponding to the
measured FWTM along these axes. Other masking
approaches may be used, such as detecting gradients to
identify boundaries or iso-contours separating background
from counts of interest.
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[0042] The projection data may be processed in other
ways before or after gating and/or masking. For example,
spatial or temporal filtering is applied. As another example,
scatter correction is applied.

[0043] In act 28, the image processor or other processor
estimates the respiration motion. The goal is to estimate
rigid translatif,=[B, ;B ;|” along the horizontal and vertical
axes of the projection space at gate k. Non-rigid translation
may be used in other embodiments, such as by separately
determining rigid translations for patches of the projection
data for the gate. The rigid translations for each of the gates
is to be determined as the different gates represent the counts
from different phases of the respiratory cycle.

[0044] In one embodiment when a linear motion model is
being used, the shifts become [,=s,(t)-0 where 5,(t) is the
mean value of a surrogate respiratory signal at all time points
allocated to the k” gate and the vector 8 contains the
parameters of motion (e.g., scaling factors that, when mul-
tiplied by the surrogate signal yield shifts along two per-
pendicular dimensions). It is possible for the shifts f, to be
embedded as elements of a matrix M, defining the motion at
a given gate k. Once the parameter set, 6, of the motion has
been estimated, M, is obtained at arbitrarily fine time reso-
lution to be applied for motion correction. Thus, the respi-
ration motion as a function of time is obtained from the
estimated parameters set, 6, defining the motion based on the
motion for the gate.

[0045] Rather than pairwise estimation of motion, the
estimation is joint. The two-dimensional motion vectors are
jointly estimated across the respiration gated sets of SPECT
emission data. The rigid motion is parameterized as hori-
zontal and vertical or along other perpendicular axes. Other
motion parameters than two-dimensional motion vectors
may be estimated, such as scale and/or rotation.

[0046] The joint estimation uses an iterative solution with
an objective function. The objective function includes a
motion model formed by the parameters representing the
respiration motion. Various motion models may be used. For
example, a linear model with two parameters (e.g., horizon-
tal and vertical motion) is used. A reduced order model may
be used, such as reducing the two parameters to a single
parameter. A higher order model may be used, such as
including rotation and/or scale parameters.

[0047] As respiratory gating is accomplished by a respi-
ratory surrogate signal s(t), this surrogate signal may be used
as the input to the motion model to reduce the number of
parameters to be estimated. A further advantage of a motion
model is that the model enables motion correction to be
carried out at the temporal resolution of the surrogate signal,
which may be much higher than that of the respiratory gates.
This motion may be represented as:

M(s(), 0), )

where M, is a motion field, and is the motion model, which
is a function of the surrogate signal over time and the
parameters in 8. Given the model and associated parameters,
data acquired at each time point t may be shifted back to a
reference point using M,

[0048] Given the gated projections, the motion model is
represented in gate space rather than time. A matrix M, €
R represents the transformation of a point in the k” gated
projection g;(y) to one in a reference projection g, (y) such
that g, - (y)=g,(y") using homogeneous coordinates as fol-
lows:
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where g,(y") is the motion corrected data from gate k. The
translation is linearly related to the respiratory surrogate
signal. A linear motion model is followed to calculate the
shift parameters at each time point, represented as follows:

10 60 )
M,(O):\O 1 025(1)]
00 1

The motion model consists of vertical and horizontal shifts
that are assumed to be linearly related to the surrogate
signal. 8 is to be fit on a patient-by-patient basis to allow for
data-driven surrogate signals. The horizontal x and vertical
y shifts of the model may be calculated simply as m,(t)=6,s
() and m(t)=0,s(1), respectively. This framework also
leaves open the possibility of estimating a separate param-
eter set 0, independently for each camera stop p, which
allows the method to better adapt to variations in patient
breathing motion throughout the acquisition.

[0049] For a joint solution, the rigid motion between three
or more gated sets is solved for simultaneously. The joint
solution determines the values for the motion model param-
eters across three or more (e.g., all) of the gated projections.
Using this sequence-based approach, simultaneous solution
for motion across more than pairs of gates of projection data
is performed. Due to the high noise present in photon-
limited SPECT imaging and even higher noise in individual
respiratory gates, estimating motion between pairs of gates
may be unstable. Using joint estimation improves stability
by using all available data.

[0050] The sequence-based method estimates the pair of
parameters at each SPECT camera stop. For a dual-head
SPECT system, the joint solution may include solving with
two simultaneously-acquired projections. Parameters of the
motion model are separately determined at each projection
view to maximize the ability to adapt to motion variations.
Data from all or many projections are used in the solution or
objective function, providing higher estimation quality than
pairwise estimation or population-based estimation and
without the issue of reconstruction artifacts and extra com-
putational load of a series of gated reconstructions. Accuracy
of registration for noisy astronomical image sequences may
be increased to the sub-pixel regime by performing joint
estimation of shifts for the entire sequence simultaneously.

[0051] To estimate the model parameters, the influence of
noise in the projection may be modeled. Although SPECT
data as acquired is Poisson-distributed, the detected emis-
sions may be scatter corrected to enhance contrast prior to
motion estimation. Any scatter correction may be used, such
as subtraction of spatially smoothed data. This, along with
the sub-pixel interpolation in the frequency domain, perturbs
this distribution. For this reason, a Gaussian maximum
likelihood (ML) formulation is used for the objective func-
tion. In alternative embodiments, the Poisson or other dis-
tribution is used. In other embodiments, prior knowledge is
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used for a Bayesian maximization of the posterior probabil-
ity of the motion parameters instead of a maximum likeli-
hood.

[0052] Givena non-blurred, noiseless reference image r(y)
and a set of motion model parameters 6, the likelihood of
observing a sequence of gated projections {g,(y)} is given
as:

(M (@)L y) 4
Llg (W r(y), 8) o l_”_lexr{ L })zr o) v)*
o (y)

where 0,%(y) is a map of the data’s noise variance, which is
approximated as o,*(yy)=max(g,(y). 1). Other noise vari-
ance functions may be used.

[0053] In equation 4, the parameter vector 6 is embedded
within M,(8), and the reference image is not the same as the
reference projection used in pairwise estimation. Instead, the
reference projection represents the scene being imaged as
the scene would be observed under ideal conditions. In
practice, r(y) is unknown. A maximum likelihood estimate
of the reference projection given a current estimate of the
motion parameters 6, and therefore a corresponding
sequence of M,(8), is the mean of gated projections shifted
to the reference location, given by:

4

~

” 1 ”
.8 = E;gﬂm(e}y)

The mean of the gated projection data of the sets in the
sequence shifted to a same location is used for the reference.
Other reference projections may be used.

[0054] The maximum likelihood objective function allows
for an iterative solution. By minimizing the maximum
likelihood of the gated projection data for the sequence
relative to the reference projection, the parameters of the
motion model may be estimated. In the iterative solution, the
reference projection is updated. In each iteration, the refer-
ence projection is updated.

[0055] By incorporating equation 5 into equation 4 and
taking the negative of the natural logarithm, a negative log
likelihood function results, as represented by:

A (M0 (6)
- y)lryso)e)_zz(gky) 7r ORI
20H(y)

where the parameters to be fit 6 are embedded in each M ().
Fitting to the gated projection data is accomplished by
minimizing the objective function over 6. The objective
function with the motion model for joint solution over three
or more sets of gated projection data (i.e., over the sequence
rather than pairwise) is represented as:

0*=argming({g,(v)} li(y, 0), 0) 0

Other objective functions may be provided.

[0056] This objective function is iteratively solved. r(y, 8)
is updated after each iteration with the current estimate of 6.
The maximum likelihood objective function of equation 7 is
iteratively solved for the joint estimation. The joint solution
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using the sequence-based method (e.g., three or more gated
sets of projection data) finds the parameters (e.g., two-
dimensional motion vectors) for motion in the motion model
over the cycle. The motion model is simultaneously fit to the
projection data across all or most of the respiration gated sets
for the given camera position.

[0057] Any iterative solution may be used, such as a
gradient-based iterative solution. In one embodiment, a
Broyden-Fletcher-Goldfarb-Shanno algorithm is used to
optimize equation 7.

[0058] For the iterative solution, the initial values of the
parameters are set. Default values, such as based on a
population study, may be used. In one embodiment, the
initial value of one or more of the parameters is estimated as
a ratio of a largest difference in center of mass between the
sets of the gated projection data to a change in amplitude of
a surrogate respiration signal over time. Initialization is
carried out by first computing the sequence of centers of
mass (CoMs) at each gate {c,}. The initial estimate of the
parameters 6° is then set according to:

0 max({ciy )

—min({c;}) ®

T max (5 (0) — min( ()

where 1 refers to the dimension being initialized and a €
{-1,1} is a polarity correction factor set to the sign of the
linear correlation between {c.xt and {s,(O)}. Following
initialization, at the q” iteration, the reference image is
updated with parameters estimated from the previous itera-
tion: 4(y, 877"). Other initializations may be used.

[0059] Once solved, the values for the parameters of the
motion model over gates is provided. For example, these
values, when multiplied by the surrogate signal s(t), repre-
sent the two-dimensional motion vectors for horizontal and
vertical motion through the gated sets of projection data.
This gate-based motion may be used to determine time-
based motion. FIG. 2 shows an example. The projections 20
are used with the surrogate respiratory signal 24 to form
gated sets of projection data. The joint estimation of act 28
is performed, solving for the motion model parameters 29.
The motion model 32 is completed by combining the
surrogate signal 24 with the motion model parameters 29.
The motion model may then be used to obtain the motion 33.
After scatter correction and estimation of 6% using equation
7, the shifts at each time point t are obtained directly using
the motion model: f,(ty=6%*s(t). The motion model provides
the shift for each time rather than each gate (i.e., range of
times). Alternatively, the same shift is applied to the detected
emissions for each gate. Different shifts are provided for
different gates.

[0060] Referring again to FIG. 1, the estimated motion is
used to generate an image in act 30. Acts 32-36 show one
example approach. In this example approach, the motion is
used to correct the projection data prior to reconstruction. In
an alternative or additional approach, the motion is used
with the system matrix or projection operator to account for
the motion for or during reconstruction. The motion is used
in the reconstruction, applying the motion in image space
rather than data space. The reconstruction accounts for the
motion while preserving the raw projection data and noise
structure.

[0061] The image is of the patient. The projection data
from the patient is used to generate the image, such as
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generating the image from SPECT emission data. The
respiration motion is also used. The image is a SPECT image
showing distribution of activity in the patient. A PET image
may be generated. The image is of a two-dimensional or
planar slice in the patient. Alternatively, the image is a
rendering from volume data to the two-dimensional display,
such as using ray casting, path tracing, surface rendering or
other three-dimensional rendering.

[0062] In the example of acts 32-36, the SPECT emission
data is corrected with an inverse of the determined respira-
tion motion as a function of time. In act 32, the respiration
motion as a function of time is determined. Where the
solution provides motion as a function of cycle phase or
gates, the motion is converted to be a function of time. Due
to sampling, the gated motion may be low resolution. By
combining with the surrogate respiration signal in the time
domain with the two-dimensional motion vectors or other
motion parameters of the gates, the motion for each detec-
tion time is provided. Alternatively, a function, such as a
sinusoidal curve, may be fit to the motion for the gates to
provide motion as a function of time through the cycle.
[0063] In act 34, the projection data is corrected. The
estimated respiration motion as a function of time is used to
correct. The motion at each time represents a spatial offset.
Fach emission 1s detected as being for a line of response at
a particular time. An inverse of the motion at that time is
applied to the emission, shifting the location or line of
response at which the emission is detected. This correction
process is applied to each detected emission.

[0064] The spatial shift applied to each emission has pixel
or sampling grid resolution. The respiratory motion may
have sub-pixel or partial pixel or grid shift. Interpolation is
used to determine sub-pixel shift. Since a discrete matrix of
data is used but sub-pixel shifts are to be estimated, some
form of interpolation is used to compute translated projec-
tion images for a continuous range of shifts . In one
embodiment, the interpolation is in the Fourier domain. A
Fourier transform pair is represented as g(y-p)e G(w)e”
jo-p, where G(w) is the Fourier transform of g(y) and j is the
imaginary number. The projection to be shifted is Fast
Fourier Transformed and multiplied by the corresponding
complex exponential. Prior to multiplication with the com-
plex exponential, the projection data may be lowpass filtered
with a sinc filter. The cutoff spatial frequency is set at 0.0505
cycles/mm, as the SPECT collimator’s modulation transfer
function suppresses most image content above this fre-
quency. Other cutoff frequencies or filtering may be used.
[0065] Inact 36, an image object is reconstructed from the
corrected projection data. The projection data for each
camera position is corrected and then used together for
reconstruction. A reconstruction processor reconstructs an
image object from acquired, motion corrected projection
data from different camera angles. Computed tomography
implements reconstruction to determine a spatial distribu-
tion of emissions from the detected lines of response. The
position of each emission relative to the lines of response is
corrected to account for respiratory motion. The corrected
projection data represents the detected emissions and the
lines of response for those emissions. The quantity or
amount of uptake for each location (e.g., voxel) may be
estimated as part of the reconstruction. The nuclear imaging
system may estimate the activity concentration of an
injected radiopharmaceutical or tracer for the different loca-
tions.
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[0066] Any now known or later developed reconstruction
methods may be used, such as based on Maximum Likeli-
hood Expectation Maximization (ML-EM), Ordered Subset
Expectation Maximization (OSEM), penalized weighted
least squares (PWLS), Maximum A Posteriori (MAP), multi-
modal reconstruction, non-negative least squares (NNLS),
or another approach. Different types of reconstruction have
different strengths and weaknesses.

[0067] The reconstruction provides a three-dimensional
representation of the image object. The 3D spatial distribu-
tion of emissions is determined. To generate the image, the
reconstructed emissions along a plane, slab, or volume are
used. The image of the reconstructed image object is gen-
erated. The image of the patient or part of the patient is
generated from the reconstruction. For qualitative SPECT,
this distribution is used to generate an image. For quantita-
tive SPECT, the activity concentration for each location
(e.g., voxel) is determined. The reconstruction provides
voxel values representing activity concentration. In one
embodiment, data for one or more (e.g., multi-planar recon-
struction) planes is extracted (e.g., selected and/or interpo-
lated) from a volume or voxels and used to generate a
two-dimensional image or images.

[0068] The output may be a transmission. The transmis-
sion is of the image to a display. The transmission may be
to a memory through a memory interface and/or to a patient
medical record, server, or other computer connected through
a network interface.

[0069] In a simulation, a projection image composed of
three Gaussian “blobs” simulates projection data. The stan-
dard deviations and mixing proportions of the Gaussians are
set to roughly mimic a Tc99m-MAA liver shunt diagnostic
scan with one focal lesion, a region with diffuse elevated
activity in the liver, and a background surrounding this area.
The source is then blurred with a Gaussian with FWHM of
roughly 3 pixels to simulate the point spread function of the
imaging system. This truth image is shown in FIG. 3. The
image is then translated over time by a squared sinusoidal
waveform with peak-to-peak amplitude of 2 pixels in the X
direction and 8 pixels in the Y direction to simulate respi-
ration. Poisson noise is added to the resulting image
sequence to simulate a respiratory gated clinical acquisition
with 10 gates.

[0070] Three methods are used to estimate the motion:
pairwise maximization of the cross-correlation (CC), pair-
wise minimization of the sum of squared differences (SSD),
and the proposed method using joint maximum likelihood
for the sequence-based method and motion model (S-MM).
In the CC and SSD implementations, gate one is chosen as
reference, and each subsequent remaining gate is sequen-
tially registered to the reference using an exhaustive grid
search over all possible motion shifts. For the S-MM
approach, equation 7 is minimized numerically using Mat-
lab’s fminunc function with an initialization based on
motion shifts derived from a centroid measurement in each
frame. A normalized version of the true motion waveform is
used as a surrogate. This process is repeated for 20 noise
realizations to assess the variation in the estimated param-
eters. A 30 counts/pixel maximum is used.

[0071] Qualitative results from one noise realization are
shown in FIGS. 4A-E. In the motion blurred composite
image of FIG. 4A, the differentiation between diffuse and
focal blobs cannot be resolved. In the composite image after
motion correction with the true shifts of FIG. 4B, the
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distinction is recovered, and both objects have higher inten-
sities due to the reduction in blur. The CC and SSD solutions
of FIGS. 4C and 4D, respectively, are somewhat better than
the blurred image of FIG. 4A. The results of motion cor-
rection using the S-MM solution is shown in FIG. 4E. The
difference between the two blobs is most easily resolved in
FIG. 4E as compared to FIGS. 4C and 4D. FIG. 4E is most
similar to the true shift image of FIG. 4B. In FIG. 4E, the
contrast in the focal area appears higher.

[0072] A quantitative summary over the 20 noise realiza-
tions is shown in FIG. 5. Here, the true Y shifts are plotted
on the solid black curve, and the mean estimated Y shifts for
the three methods are shown in the others. The error bars
represent +1 standard deviation over the 20 realizations.
Each of the methods underestimates the motion slightly at
the positive and negative extremes, but the structure is, in
general similar to the true values. The underestimation at the
upper extreme is less for S-MM. The variance of the motion
estimate for the S-MM (shown as ML) method is less that
for the CC and SSD methods, particularly in gates 4-8,
where the variance drops to nearly zero for S-MM.

[0073] In a patient example, one shunt diagnostic acqui-
sition from a patient is processed using the same S-MM
technique as the simulation. The patient is injected intraar-
terially with 135 MBq Tc-99m-MAA and subjected to a
SPECT/CT acquisition on a Symbia T2 (dual camera) with
60 camera stops (120 projections) with a dwell time of 15
seconds. As the two detectors observe the same motion
simultaneously and the acquisition is carried out in the
180-degree configuration, projection data from detector two
is reflected across the vertical axis and added to that from
detector one to yield the data on which the estimation is
performed. A data-driven respiratory surrogate is used to
gate the data and derive the motion model. Estimated Y
shifts at each view are applied to the listmode data using
nearest-neighbor interpolation, preserving the Poisson dis-
tribution in the data prior to reconstruction. The corrected
and uncorrected datasets are attenuation corrected using the
system’s hardware registration matrix.

[0074] Coronal (top row) and sagittal (bottom row) slices
from uncorrected (left column) and motion corrected (right
column) reconstructions are shown in

[0075] FIGS. 6A-D. Blurring along the vertical (head/
foot) axis in the corrected images of FIGS. 6B and 6D is
reduced relative to the uncorrected data of FIGS. 6 A and 6C.
The fine vascular structures to the left of the lesion in the
coronal images are also more clearly visible in the corrected
image of FIG. 6D relative to the uncorrected image of FIG.
6C. The line profiles along the vertical lines of FIG. 6 are
shown in FIG. 7. The line profiles indicate a higher lesion
contrast for motion corrected data and sharper edges at the
superior and inferior borders of the liver activity.

[0076] The simulation results show that the joint estima-
tion approach in tandem with a motion model reduces
variance in the motion estimate while matching the bias of
pairwise estimation. Although this simulation is limited, it
shows that the method is feasible in a low count/high noise
environment capable of delivering stable results. The patient
case, while confined to a single example, nevertheless shows
the feasibility of the method on real data. Expected reduction
of blurring is achieved, and subjective image quality is
improved. Due to observed motion shifts, the uncorrected
and motion corrected reconstructions may be registered to
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the CT separately to avoid attenuation correction artifacts
arising from emission/transmission mismatches.

[0077] In other embodiments, the imaged scene includes
other sources of motion, such as from cardiac activity. To
limit influence from undesired motion, the object of interest
is masked.

[0078] In other embodiments, PET data reformatted into
the sinogram space may be gated using a respiratory surro-
gate signal. Joint estimation of motion model parameters
may then be carried out using all of the gated sinogram
frames. A separate set of parameters may be estimated for
each PET bed position. With parameters, the sonogram data
may then be motion corrected using the motion model,
estimated parameters, and the surrogate signal before recon-
struction.

[0079] The method estimates the respiratory motion in the
projection space of SPECT or PET images. The use of a
surrogate signal driven motion model and maximum likeli-
hood-based joint estimation of the model parameters
decrease the variance of the motion estimate by reducing the
number of parameters that must be estimated and utilizing
all or most of the data available at each projection view,
respectively.

[0080] FIG. 8 shows a nuclear imaging system 10. The
system 10 is a PET, SPECT, or other imaging system for
detecting emissions due to radioactive decay in a patient.
The nuclear imaging system 10 may provide qualitative or
quantitative imaging.

[0081] The system 10 implements the method of FIG. 1,
the method of FIG. 2, or other method. Joint estimation in
a sequence-based method iteratively solves for values of
parameters of a motion model from many (e.g., all) gated
projections. A surrogate respiratory signal is used for gating
the projections in the joint estimation and the determination
of motion in time from the motion model. The estimated
motion is used in reconstruction or to motion correct pro-
jection data prior to reconstruction.

[0082] The nuclear imaging system 10 includes a motion
estimation processor 11, a reconstruction processor 12, a
memory 14, a display 16, and a detector 18. The processor
11, processor 12, memory 14, and/or display 16 are part of
the imaging system with the detector 18 or are separate (e.g,,
a computer or workstation). Additional, different, or fewer
components may be provided. For example, the system 10 is
a computer without the detector 18. As another example,
user input, patient bed, CT scanner, or other nuclear imag-
ing-related devices are provided. Other parts of the system
10 may include power supplies, communications systems,
and user interface systems. In yet another example, the
motion estimation processor 11 and the reconstruction pro-
cessor 12 are formed from the same hardware device.
[0083] The detector 18 is a gamma camera connected with
a gantry. The gamma camera is a planar photon detector,
such as having crystals or scintillators with photomultiplier
tubes, SiPM, or another optical detector. Any now known or
later developed gamma camera may be used. The gantry
rotates the gamma camera about the patient. Alternatively,
the detector 18 is a ring of crystals or scintillators with
optical detectors. Other structures of detectors may be used.
Other components may be provided, such as a collimator.
[0084] The nuclear imaging system 10, using the detector
18, detects emissions from the patient 15 for measuring
uptake or physiological function. During scanning of a
patient, the detector 18 detects emission events. The emis-
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sions occur from any location in a finite source (i.e., the
patient). The radiotracer in the patient migrates to, connects
with, or otherwise concentrates at specific types of tissue or
locations associated with specific biochemical reactions.
Thus, a greater number of emissions occur from locations of
that type of tissue or reaction. With a SPECT detector 18, the
emission events are detected at different positions or angles
relative to the patient, forming lines of response for the
events. With a ring of PET detectors, the emissions are
detected along the lines of response without movement of
the detector 18. The patient bed may move to define a field
of view relative to the patient.

[0085] Due to respiratory motion, the location of the lines
of response and resulting pixel or sensor of the detector 18
that detects the emission from the same location may be
different at different times. The projection data of the
detected emissions is subjected to a motion artifact due to
respiratory motion.

[0086] The motion estimation processor 11 and the recon-
struction processor 12 are separate hardware devices, but
may be one hardware device configured for different opera-
tions. The processors 11, 12 are of a same or different type
of device. A general processor, digital signal processor,
imaging processor, graphics processing unit, application
specific integrated circuit, field programmable gate array,
digital circuit, analog circuit, combinations thereof, or other
now known or later developed device may be used. Each of
the processors 11, 12 is a single device, a plurality of
devices, or a network. For more than one device, parallel or
sequential division of processing may be used. Different
devices making up one of the processors 11, 12 may perform
different functions, such as one processor (e.g., application
specific integrated circuit or field programmable gate array)
for reconstructing the object and another (e.g., graphics
processing unit) for rendering an image from the recon-
structed image object. In one embodiment, one or both
processors 11, 12 are a control processor or other processor
of nuclear imaging system 10. In other embodiments, one or
both processors 11, 12 are part of a separate workstation or
computer. The hardware processors 11, 12 are configured by
software, firmware, and/or hardware and operate pursuant to
stored instructions to perform various acts described herein.
[0087] The motion estimation processor 11 is configured
to perform acts 24-28 and 32-34 of FIG. 1, but may perform
additional, different, or fewer acts. The motion estimation
processor 11 is configured to determine a respiration surro-
gate signal form the detected emission signals, gate the
detected emission signals with the respiration surrogate
signal into three or more gated sets, and/or jointly solve for
motion in all the gated sets with an iterative solution based
on a motion model of the motion. The motion model is a
linear or other model. The joint solution uses a maximum
likelihood or other iterative solution to solve for the values
of parameters of the motion model.

[0088] The reconstruction processor 12 is configured to
perform acts 30 and 36 of FIG. 1, but may perform addi-
tional, different, or fewer acts (e.g., perform acts 32 and 34).
The reconstruction processor 12 is configured to reconstruct
an image of the detected emission signals from the patient as
a function of the estimated motion. The estimated motion is
used in reconstruction, such as part of a projection operator
for forward projection or part of a system matrix. In other
embodiments, the estimated motion is used to correct the
detected emission signals prior to reconstruction. The
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detected emission signals are corrected for motion, and then
the motion corrected emission signals are reconstructed.
[0089] The reconstruction processor 12 is configured to
reconstruct a volume or object from emissions. Any recon-
struction may be used to estimate the activity concentration
or distribution of the tracer in the patient. The reconstruction
processor 12 accesses the corrected detected emission events
from the memory 14, from the detector 18, or buffers to
reconstruct. The corrected detected emissions are used to
reconstruct the distribution of the radioisotope in three
dimensions. Forward and backward projection are used
iteratively until a merit function indicates completion of the
reconstruction (i.e., a best or sufficient match of the image
object to the detected emissions).

[0090] The reconstruction processor 12 generates one or
more images based on the reconstruction. Any given image
represents the emissions from the patient. The image shows
the spatial distribution, such as with a multi-planar recon-
struction or a volume rendering. For quantitative imaging,
the image represents accurate measures (e.g., in Bg/ml) of
the activity concentration. Alternatively or additionally, the
image shows a quantity or quantities (e.g., alphanumeric)
representing the activity concentration or specific uptake
values for one or more locations or regions.

[0091] The display 16 is a CRT, LCD, plasma screen,
projector, printer, or other output device for showing an
image. The display 16 is configured by a display plane or
buffer to display an image of the reconstructed functional
volume.

[0092] The memory 14 is a buffer. cache. RAM, remov-
able media, hard drive, magnetic, optical, database, or other
now known or later developed memory. The memory 14 is
a single device or group of two or more devices. The
memory 14 is part of the nuclear imaging system 10 or a
remote workstation or database, such as a PACS memory.
[0093] The detected emission events, counts, locations,
gated sets of emission events, values of motion parameters,
surrogate respiration signal, and/or other information are
stored in the memory 14. The memory 14 may store data at
different stages of processing. The data is stored in any
format.

[0094] The memory 14 is additionally or alternatively a
non-transitory computer readable storage medium with pro-
cessing instructions. The memory 14 stores data represent-
ing instructions executable by the programmed processors
11 and/or 12. The instructions for implementing the pro-
cesses, methods, and/or techniques discussed herein are
provided on non-transitory computer-readable storage
media or memories, such as a cache, buffer, RAM, remov-
able media, hard drive, or other computer readable storage
media. Computer readable storage media include various
types of volatile and nonvolatile storage media. The func-
tions, acts or tasks illustrated in the figures or described
herein are executed in response to one or more sets of
instructions stored in or on computer readable storage
media. The functions, acts or tasks are independent of the
particular type of instructions set, storage media, processor
or processing strategy and may be performed by software,
hardware, integrated circuits, firmware, micro code and the
like, operating alone or in combination. Likewise, process-
ing strategies may include multiprocessing, multitasking,
parallel processing and the like. In one embodiment, the
instructions are stored on a removable media device for
reading by local or remote systems. In other embodiments,
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the instructions are stored in a remote location for transfer
through a computer network or over telephone lines. In yet
other embodiments, the instructions are stored within a
given computer, CPU, GPU, or system.

[0095] While the invention has been described above by
reference to various embodiments, it should be understood
that many changes and modifications can be made without
departing from the scope of the invention. It is therefore
intended that the foregoing detailed description be regarded
as illustrative rather than limiting, and that it be understood
that it is the following claims, including all equivalents, that
are intended to define the spirit and scope of this invention.

1 (we) claim:

1. A method for correction of respiratory motion in a
nuclear medical imaging system, the method comprising:

detecting, with a nuclear imaging detector, emissions over

time from a patient, the detected emissions comprising
projection data and are subject to respiration motion of
the patient;

gating the projection data into three or more sets;

estimating the respiration motion with an iterative solu-

tion of a maximum likelihood objective function based
on the gated projection data of the three or more sets,
the objective function including a motion model with
parameters of the respiration motion;

reconstructing an image object of the patient from the

projection data with the respiration motion used to
correct the projection data used in reconstruction or
used in the reconstructing; and

generating an image of the reconstructed image object.

2. The method of claim 1 wherein detecting comprises
detecting the emissions with a single photon emission com-
puted tomography or a positron emission tomography sys-
tem.

3. The method of claim 1 wherein gating comprises gating
with a surrogate respiration signal, and wherein correcting
comprises correcting as a function of the surrogate respira-
tion signal.

4. The method of claim 3 wherein the surrogate respira-
tion signal is derived from variation in the projection data as
a function of time.

5. The method of claim 1 wherein estimating comprises
estimating with the parameters of the motion model com-
prising perpendicular translations of rigid motion between
the gated three or more sets.

6. The method of claim 1 wherein estimating based on the
gated projection data of the three or more sets comprises
estimating with a sequence-based approach.

7. The method of claim 1 wherein estimating comprises
estimating with the objective function comprising a mini-
mization of a maximum likelihood of the gated projection
data of the three or more sets relative to a reference
projection.

8. The method of claim 7 wherein the reference projection
comprises a mean of the gated projection data of the three or
more sets shifted to a reference location.

9. The method of claim 7 wherein estimating with the
iterative solution comprises updating the reference projec-
tion in each iteration of the iterative solution.

10. The method of claim 1 wherein estimating with the
iterative solution comprises estimating with a Broyden-
Fletcher-Goldfarb-Shanno algorithm.

11. The method of claim 1 wherein estimating with the
iterative solution comprises estimating with an initial value
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of one of the parameters of the respiration motion compris-
ing a ratio of a largest difference in center of mass between
the sets of the gated projection data to a change in amplitude
of a surrogate respiration signal over time.

12. The method of claim 1 wherein the respiration motion
is used to correct the projection data with interpolation in a
Fourier domain.

13. The method of claim 1 wherein estimating the respi-
ration motion comprises estimating as a function of gates of
the three or more sets, and wherein the respiration motion is
used to correct the projection data by determining shift as a
function of time from the estimated respiration motion for
the gates and a surrogate respiration signal as a function of
time.

14. The method of claim 1 further comprising masking the
projection data as a function of an ellipsoid derived from the
projection data.

15. A method for correction of respiratory motion in a
single photon emission computed tomography (SPECT)
medical imaging system, the method comprising:

respiration gating SPECT emission data of a patient with
a surrogate respiration signal into respiration gated sets
of SPECT emission data;

jointly estimating two-dimensional motion vectors across
the respiration gated sets of SPECT emission data;

determining respiration motion as a function of time from
the surrogate respiration signal and the two-dimen-
sional motion vectors; and

generating a SPECT image of the patient from the SPECT
emission data and the respiration motion.

16. The method of claim 15 generating comprises recon-
structing an image object of the patient (1) with a system
matrix using the determined respiration motion or (2) with
the SPECT emission data corrected with an inverse of the
determined respiration motion as a function of time.

17. The method of claim 15 wherein jointly estimating
comprises iteratively solving a maximum likelihood objec-
tive function, the iteratively solving including joint solution
over three or more of the gated sets, the two-dimensional
motion vector comprising a motion model.

18. The method of claim 15 wherein jointly estimating
comprises simultaneously fitting the two-dimensional
motion vectors across all the respiration gated sets.

19. A nuclear imaging system comprising;

a detector for detecting signals along lines of response

from a patient;

a motion processor configured to determine a respiration
surrogate signal form the signals, gate the signals with
the respiration surrogate signal into three or more gated
sets, jointly solve for motion in all the gated sets with
iterative solution based on a motion model of the
motion;

a reconstruction processor configured to reconstruct an
image of the signals from the patient, the image being
a function of the motion used in reconstruction or used
in correction of the signals; and

a display configured to display the image.

20. The nuclear imaging system of claim 19 wherein the
motion model comprises a linear model, wherein the motion
processor is configured to jointly solve with a maximum
likelihood, and wherein the reconstruction processor is con-
figured to reconstruct the image with the signals with the
motion being used in reconstruction.
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