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ABSTRACT

Purpose: Single Photon Emission Computed Tomography (SPECT) is
one of the important imaging modality in nuclear medicine used for
diagnostic imaging of different organs of human body. Patient movement
during the acquisition time is a well-known cause of artifacts in
reconstructed SPECT data. These motion artifacts may significantly
affect the diagnostic accuracy. Therefore, the motion correction of
patients in tomography images is very much essential for more accurate
diagnosis and hence achieves the quality of the images.

Objective: Theaim of this project isto develop and evaluate adatadriven
approach to motion correction without necessity for motion tracking
system.

Methods. It has been proposed a method to iteratively estimate and
compensate this motion during the reconstruction. The rigid motion was
estimated view-by-view in every iteration and then used to update the
system matrix. Theinitial reconstructed image is motion contaminated; it
can be used to generate a first rough motion estimate. This motion is
taken into account in a reconstruction process to generate a
motion-corrected image at the first iteration. Then the motion-corrected
image and the motion estimate are alternately updated to increase the
likelihood, the iterations are stopped when the updated motion seems to
have converged. Theimage updateisdone by applying multipleiterations
of the OSEM agorithm. A final iterative reconstruction was performed
with the last motion estimate.

Results: The method was evaluated on simulations phantom study.
From the simulations phantom data, we produced the several simulated
motion induced data. Motion correction algorithms were applied with
the simulated motion induced data. The quality of the reconstructed
images was improved substantially after the compensation. Mean
structural similarity was increased. In the simulation studies, most of
the motion blurring in the reconstructed images disappeared after the
compensation.

Conclusions. The proposed method effectively eliminated motion-induced
artifactsin SPECT scans. Since only measured raw data are needed for the
motion estimation and compensation, the proposed method can be applied
retrospectively to SPECT scans affected by motion.

Keywords: SPECT, Iterative Reconstruction, Simulation, OSEM
Algorithm, System Matrix, Motion Correction.
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INTRODUCTION

Single Photon Emission Computed Tomography (SPECT)
is one of the most essential imaging modalities used in
nuclear medicine to diagnose and evauate the
physiological function of various human organs. A
short-lived radiopharmaceutical is injected into the
patient's body, and a series of two-dimensional (2D)
images of radionuclide distribution are collected using the
rotating gamma camera. These data are then reconstructed
for the three-dimensional (3D) distribution of radioactivity
to give astack of transverse slices of the organ or region of
interest. It is widely known that patient movement during
the acquisition period causes artifacts in the reconstructed
SPECT data. The data acquisition time is normally
between five and thirty minutes, which is relatively high.
The patient's movements cause the projection framesto be
out of alignment, degrading the reconstructed image and
perhaps introducing artifacts (1-5). These motion artifacts
may severely impact diagnostic accuracy. Getting
consistent projection data from the acquisition requires
motion correction. When motion occurs between acquired
projection views, consistency is lost and artifacts are
generated in the reconstructed dlices. Thus, it is quite
necessary to compensate for the patient's motion in
tomography images to produce quality images for a more
accurate diagnosis. Motion correction requires knowledge
of the six degrees of freedom (dof) of mation during the
SPECT scan (6-8). An iterative-based motion correction
scheme for SPECT has been proposed here. The rigid
motion was estimated view-by-view in every iteration and
then used to update the system matrix in SPECT data. We
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have applied this method and tested simulated SPECT data
with this algorithm.

OBJECTIVE

The objectives of thiswork were to develop and evaluate a
data-driven approach to motion estimation that would
alow motion correction to be applied without the
necessity of a motion tracking system. Different sets of
experiments are carried out on different kinds of simulated
SPECT data to validate the motion correction procedure.

METHODS

Ordered subset expectation maximization (OSEM)
reconstruction

In the presence of mation, the SPECT orbit is distorted
into an effective orbit with an arbitrary shape. Asthisis
problematic for analytical reconstruction, an iterative
reconstruction algorithm is required. We used OSEM as
the reconstruction algorithm.
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Where g is the log converted sinogram and Sb is one
subset (consisting of b views) (9-11).

M otion estimation and compensation outline

The first task is to estimate the motion of the object for
each of the acquired SPECT projections. Thisis attained
by a 3D registration of the object to each of the 2D views
independently. The first estimate of the 3D object is
found with an initia reconstruction without motion
compensation. Thus, this first image suffers from motion
artifacts, which will significantly affect the pose
estimation associated with each view. Though the 2D-3D
registration process described below still captures part of
the rea motion, reconstruction with motion
compensation based on these motion estimates improves
the reconstruction. The more accurate motion estimates
are produced by reiterating the process with this
improved reconstruction.

Though the initid reconstructed image is
motion-affected, it is used to produce afirst rough motion
estimate. This initial motion is taken into account in the
reconstruction process, and a motion-corrected image is
produced at the first iteration. Within this process, the
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motion-corrected image and the motion estimate are
alternately updated, and the iterations are stopped when
the updated motion seems to have converged. By
applying multiple iterations of the OSEM algorithm, the
image update is done.

Motion update

The estimated motion is acquired in the coordinate
system of the detector. Because motion-corrected
reconstruction requires motion in the world coordinate
system, it is transformed to motion in the world
coordinate system.
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Where T is the 4x4 homogeneous matrix representation
of the estimated motion in the world coordinate system,
M is the total number of projection views. The
transformation matrix obtained in the nth iteration was
then used to update the previous motion estimate for
every view, which was used in the next iteration (n+1),
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Image update

The image representing the attenuation coefficients can
be updated with iterative reconstruction after obtaining
the motion. OSEM was used as the reconstruction
agorithm. Instead of moving the reconstructed image in
every view, rigid motion compensation is done by
considering a coordinate system fixed to the object and
incorporating the motion (now associated with the
source-detector pair) into the system matrix.
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Where Tpisa4 x 4 transformation matrix applied to the
projection line i. If Tp is the identity matrix for all
projection lines, then Eqg. (4) is the same as standard
OSEM [Eq. (1)]. In SPECT, Tp is constant for all
projection lines in one projection view; hence, the
inversion isdonefor every single view. A distance-driven
projection is used for interpolation during the (back)
projection. The new estimate of the attenuation image is
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then used for the next motion update (step 1). When the
motion estimate has converged, a final reconstructed
image with diagnostic quality must be produced for data.

Software validation for digital phantom experiment

Projection data for the simulations was obtained from a
64 x 64 x 64 voxel version of the digital Hoffman brain
phantom. The voxels were 4.69 mm in each dimension.
This phantom was projected using analytical projection
software. A high-resolution paralel hole collimation
with depth-dependent blur was modeled and included
uniform tissue attenuation. To generate the attenuation
map, the dlices of the phantom were converted to binary,
filled to provide uniform closed regions, Gaussian
filtered to enlarge the extent of the brain, and finally
converted back to binary gray levels. Thus, the
attenuation dlices followed the contour of the
corresponding brain slices but were dightly larger to
account for skull attenuation. The modeled attenuation
coefficient was u= 0.12 cm*. The projector generated 32
emission projections with dimensions of 32 x 32 pixels.
Pixels were square, with alength of 9.38 mm. To model
poisson noise in the projection data, each pixel was
replaced by a random poisson deviate using the actual
gray vaue as the distribution mean. The
poisson-distributed values were generated after scaling
the data so that the maximum total counts per projection
were 50K. This value was intended to give a level of
noise equivalent to a typical brain scan. We aso
converted the data into 128 x 128 x 128 voxels using the
IDL program, and the voxels were 2.345 mm in each
dimension.

Various rigid body transformations were applied to the
digital Hoffman brain phantom to simulate projection
sets  corrupted by patient motion. After each
transformation, it was projected and produced a different
data set. Projections from the resulting sets were then
combined to simulate a motion-corrupted acquisition.
Projections were transferred as pairs since modelling was
done with dual-180° detector geometry. Motion was
simulated to be discrete and to have occurred between
projections. Motion occurring during the acquisition of a
projection pair was not simulated.
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Datasets

Six studies containing single movements were simulated.
The six simulated sets were made to have considerable
variation in the angular location and extent of movement
and the magnitude of motion in each degree of freedom
(DOF). Tx, Ty, Tz, Ry, Rx, and Rz are represented by the
six DOF.

Movements were applied to the data and produced the
dataset D2, which is shown in Table 1, and the details of
the simulated data are shown in Table 2.

Table 1: Details of data set D2 (Applied movementsin
thedataD1)

Data(D2) | Xinmm | Yinmm | Zinmm X Y 7
D2-1 20 0 0 0 0 0
D2-2 0 20 0 0 0 0
D2-3 0 0 20 0 0 0
D2-4 0 0 0 10 0 0
D2-5 0 0 0 0 10 0
D2-6 0 0 0 0 0 10

Table 2: Details of Smulated Data set (Simulation
from D1 and D2)

Without any | Applied Translation Simulated data set Simulated Data
Translation or | in mm/Rotation in (SD)
Rotation degrees
Data-1 (D1) Data-2 (D2)
(20,0,0,0,0,0,) Simulated Data SD1
Data D1 (0,20,0,0,0,0) Projection 1-30 from D1 | Simulated Data SD2
(0,0,20,0,0,0) Projection 31-60 from D2 | Simulated Data SD3
(0,0,0,10,0,0) Projection 61-90 from D1 | Simulated Data SD4
(0,0,0,0,10,0) Projection 91-120 from D2 | Simulated Data SD5
(0,0,0,0,0,10) Simulated Data SD6

Figure 1: Projection view of the simulated brain phantom
data

RESULTS

The effects of motion compensation were evaluated by
visual assessment and quantitative analysis in the
simulation studies.
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The reconstructed motion-corrected images and the (0,0,20,0,0,0)
uncorrected images were compared in all views with e ol s zome s o o

similarity metrics. The reconstructed images of the same ., .
dices of the simulated data with and without motion
corrections are shown in the figures. The three parts of the
dice were named transaxial, sagittal, and coronal.

Figure 3: Reconstructed images with and without
motion correction for translational motion induced data
(Thetop image shows motion-corrected dices, whilethe
bottom image shows moation-uncorrected dlices) (a)
Simulated Data SD1, (b) Simulated Data SD2 and (c)
Simulated Data SD3

Figure 2. Reconstructed images with and without
motion correction for motion free data (OJ'OFDJ']'OJUIO)
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Figure 4: Reconstructed images with and without
motion correction for rotational motion induced data
(Thetop image shows motion-corrected dlices, whilethe
bottom image shows motion-uncorrected dices) (a)
Simulated Data SD4, (b) Simulated Data SD5 and (c)
Simulated Data SD6.

The effects of motion compensation were evaluated by
visual assessment and quantitative anaysis in the
simulation studies. The reconstructed motion-corrected
images and the uncorrected images were compared in all
views with similarity metrics. The reconstructed images
of the same dlices of simulated data with and without
motion correction are shown in thefigures. Thethree parts
of the slice were named transaxial, sagittal, and coronal.

At first, we applied our motion correction a gorithm to the
origina simulated data, which was motion free. In Figure
2, we have seen the slices of these reconstructed data, and
itisclearly visible that both slices were the same.

A 20-mm shift was applied in the X direction in the
selected projection frames of SD1 data The
reconstructed slices were shown in Figure 3(a). It was
demonstrated that some distortion or maotion artifact was
produced in the transaxial dlicein the uncorrected slices,
which was clearly removed in the corrected slices. We
also compared these corrected slices to the ones in
Figure 2, which were nearly identical and appeared to be
motion-free slices with no artifacts.

In DataSD2, a20 mm shift was appliedintheY direction
in the selected projection frames. The reconstructed slices
are shown in Figure 3(b). Uncorrected dlices revealed
some distortion or artifact in the upper and lower parts of
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the transaxial dlice in the Y direction, as well as some
distortion in the sagittal view. These distortions were
clearly removed in the corrected slices.

Aswith SD1 and SD2, a 20-mm shift was applied in the
Z direction in the selected projection framesin SD3. The
reconstructed slices were shown in Figure 3(c). The
motion has significantly affected all uncorrected
reconstructed slices in transaxial, coronal, and sagittal
views. These distortions were clearly removed in the
corrected dlices. It looks like amost motionless slices
without any distortion.

In SD4, SD5, and SD6, 10° shifts were applied in the X,
Y, and Z directions, which were called yaw, pitch, and
roll, respectively. Figures 4(a), 4(b), and 4(c) show the
all-reconstructed dices for these three data points. The
motion has dightly affected al uncorrected reconstructed
dices in transaxia, coronal, and sagittal views. These
were clearly removed in the corrected dlices.

The corrected and uncorrected reconstructed images of
a selected simulation using the software are shown in
thefigures. Most of the distortions were eliminated. The
true image was much more similar to the corrected
image than the uncorrected one. Figures show the
overal improvement across al image dlices in al
studies with different motions.

DISCUSSIONS

The data-driven approach was validated in computer
simulations. Different rigid-body transformations were
applied to simulate projection sets corrupted by motion
on the digita Hoffman brain phantom. Each
transformation was projected as described above. The
projections from the resulting sets were then combined
to simulate a motion-corrupted acquisition. Since we
were simulating the geometry of a dual-180° detector,
projections were always transferred as orthogona pairs.
The simulated motion was discrete and appeared to have
happened in between projections. Motion occurring
during the acquisition of a projection pair was not
simulated. Datasets containing single and multiple
sx-DOF motions were simulated. Motions varied in
magnitude, angular location, and angular extent.
Corrected slices displayed aclear reduction in symmetry
and perfusion defects. Most of the distortions were
eliminated in al corrected and reconstructed images.
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The true image was much more similar to the corrected
image than the uncorrected one. Figures show the overall
improvement across all image dices in al studies with
different motions. There was no requirement that
attenuation be incorporated in the estimation process,
enabling considerable benefits in performance.

CONCLUSION

We proposed a genera rigid-body motion correction
approach for SPECT scans. It was a novel data-driven
approach for correcting motion for SPECT using only
acquired raw data. Our method istotally free of external
devices and has the potential to be fully automated.
There is no prerequisite knowledge of motion. It is
easily adaptable to various types of collimation and
multi-detector geometries.
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