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ABSTRACT

Due to the long imaging times in SPECT, patient motion is inevitable and constitutes a serious problem for any
reconstruction algorithm. The measured inconsistent projection data leads to reconstruction artefacts which can
significantly affect the diagnostic accuracy of SPECT, if not corrected. Among the most promising attempts
for addressing this cause of artefacts, is the so-called data-driven motion correction methodology. To use this
approach it is necessary to automatically detect patient motion and to subdivide the acquired data in projection
sets accordingly. In this note, we propose three different schemes for automatically detecting patient motion. All
methods were tested on 3D academic examples with different rigid motions, motion times, and camera systems.
On the whole, every method was tested with approximately 400 to 600 test cases. One of the proposed new
methods does show promising results.
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1. INTRODUCTION

In Single Photon Emission Computed Tomography (SPECT), the imaging time is typically in the range of 5-30
minutes. Here, patient movement, which has frequently been reported in clinical applications,! constitutes a
serious problem for any reconstruction scheme. The movements cause misalignment of the projection frames,
which degrades the reconstructed image and may introduce artefacts. These motion artefacts may significantly
affect the diagnostic accuracy.?* Different methods have been proposed for the correction of motion in SPECT
studies. These methods may be divided into three categories. The first two approaches do produce motion
corrected projections and thus may be used in conjunction with any reconstruction method. The first approach
is purely hardware based, like, for example the triple scan® or dual scan® protocol. The second approach corrects
for the patient motion by using a computational method applied within the projection-space.”8 It should be
noted, that due to the projection geometry the latter method is not able to compensate for rotational movement.
In this paper, we are concerned with the third methodology. Here the correction is performed in the image space.
A widely used member out of this class is the so-called data driven motion correction (DDMC) approach.” 10 Tt
can handle full rigid-body motion. To start the scheme, it is assumed that the point in time of the rigid-body
motion of the patient during the SPECT imaging is known. Once the point in time of the motion is known this
motion needs to be corrected. The idea is to subdivide the projection data into [ subsets or motion-sets where
no motion has been detected and to estimate the motion in between these subsets accordingly by using a partial
reconstruction of the subset containing the largest number of projections and calculate a suitable transformation
in order to fit it to the other subsets. To this end the rigid-body parameters after the kth movement of the
patient are stored in the vector Ty. Furthermore, all projections that were measured between the kth and the
k—+ 1st movement are collected in the projection set Pi. The image, which has been in the course of the algorithm
reconstructed up to the kth step, is denoted by £(*). This image has to be corrected with respect to the next
object position Ty 1. The result is denoted by f*) (T}, 1). Next the partial reconstruction £(*) (T} 1) is updated
with the help of measured projections Py via

f(k-‘rl) = R[Pk-i-la f(k) (Tk-‘rl)]v (1)
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where R denotes a reconstruction algorithm. Ideally, the resulting image f(*) should contain less motion artefacts.
But this approach has two main disadvantages. The first is the motion estimation using partial reconstructions.
Due to this the quality of the motion estimation depends on the quality of the partial reconstruction, which is
only of good quality if % of all projections are in one subset. A scheme overcoming this disadvantage by combining
reconstruction and motion correction can be found in.!! The second is the needed information about the point in
time of the patient motion during the SPECT imaging in order to subdivide the acquired projection into subsets
with the same position of the patient. Up to now this is done by hand, or alternatively expensive external
detection systems are used.!?!3 To avoid both of this modus operandi a fully automatic method, working only
with the acquired projection data, is wanted. However such a method is only useful if it detects reliably any
occurring motion for every given configuration of camera heads in a SPECT. In this note we investigate three
different methods and perform a sound testing for the proposed Methods. These three methods are introduced
in Section 2 and tested for 3D academic images in Section 3. Finally, some conclusions are drawn in Section 4.

2. METHODS

Given SPECT projection data P containing m angularly equidistant projections of a 3D object, we aim for
subdividing these data into subsets of projections with the same object position Py, ..., P; with [ as the number
of different object positions. The intention is to perform this task fully automatically only using the measured
projection data. The following three methods were investigated and tested against this requirement.

2.1. Using the Mean Square Difference

The first method, the mean square difference (MSD), was introduced by Hutton et al.'%!* as a part of the

DDMC approach. But so far it has not been tested how accurate it detects occurring motion automatically.
Furthermore the MSD was only designed for SPECT systems with perpendicular camera heads.

Within this method a first step is to reconstruct the measured projection data P. Afterwards this recon-
struction is forward-projected and will be denoted as P¥. Subsequently the measured projections and the
forward-projections are compared using the MSD. This is done by calculating the MSD between the k-th 2D
projection Py, and P, for all k =1,...,m by

o ZZL:II Z;lil(Pk(la.j) - prk(iaj))Q
N nin9

MSD(k) = MSD(P;, PP}, (2)
where n; and ne are the number of rows and columns of the projections. If a dual or triple head SPECT is
used, the simultaneously acquired projections have the same object position. To incorporate this fact the MSD
values for these simultaneously acquired projections is added together. Ideally, projections with the same object
position have the same MSD value. An idealized result for a dual head SPECT imaging using 60 projections,
perturbed with two motions, is shown in fig. 1. Therefore occurring motion in the acquired data can be detected
by searching a changeover between MSD(Py, P¥®;) and MSD(P}, 1, PP, 1). Which is done using the difference
quotient

DQ, = MSD(Py + 1,P®; 4 1) — MSD(Py, P'P}) (3)

with £ = 1,...m and DQ,, = MSD(m) — MSD(1). Additionally a threshold 84, is needed in order to
differentiate if a changeover occurs because of motion or due to variations caused by discretization, rounding
errors, or noise. To find 044¢, automatically, we simply used the average and the standard deviation

m

1

fdata = DQ + -7 > (DQ; — DQ)? (4)
i=1

of the difference quotients DQ. In order to prevent a large amount of false-positively detected motion when no
motion occurred or the used method is blind towards that kind of motion, we introduced a default value 04 .
Now the used threshold 6 is calculated using

6 = (number of cameras) max{0qes,Odata }- (5)

Experience has shown that for the MSD method 04,5 = DQ + 5 is a good value.
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Figure 1: An idealized result of the MSD with two motions for a dual head SPECT imaging using 60 projections
(left). After using the difference quotient one can see after which projection motion occurs (right).
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Figure 2: On the left side the CoM of an object and the CoM of a projection. For some conditions the CoM of
the projection is the projected CoM of the object. Additionally the used coordinate system can be seen with the
z-axis as the rotation axis of a SPECT system. On the right side the resulting curve of the CoM xy-coordinate
for all measured projections (dotted) of a motion perturbed SPECT imaging and a best sine fit through these
coordinates (solid).



2.2. Using the Center of Mass

The second method to detect motion is based on the center of mass (CoM) of the measured projections P. Under
the assumption of absorption free projection the projected CoM of an object is identical with the CoM of any
projection Py, k =1,...,m acquired from this object and can be calculated by

s sy ()
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where n; and ny are the number of rows and columns of the projections. So the CoM can be used as a landmark

in the object whose position is known in every projection. We suggest two different ways of analyzing these data
to detect motion in the SPECT imaging.

Sk =

(6)

The first method uses the projection geometry of a SPECT system. Due to this plotting all xy-coordinates of
the CoM of a motion free SPECT imaging should result in a sin-curve and is constant for all z-coordinates. The
used coordinate system is defined in fig. 2 with the z-axis of the object as the rotation axis of a SPECT system.
Now the idea is to interpret all S¥* coordinate wise and perform a best sine fit through the xy-coordinates of
the CoM (see fig 2). This can be done because it is known from the SPECT camera gantry that the coordinates
in the first direction form a sine and are constant in the other direction, if the measured data is motion free. If
motion occurs these forms should be perturbed as shown for the xy-coordinate in (fig.2). So the sine curve is
subtracted from the xy-coordinates of all CoMs and, like in the MSD approach, the difference quotient is applied
to the resulting curve and to all z-coordinates to detect possible motion. Like in the MSD scheme the knowledge
that simultaneously acquired projections belongs to the same object position is used. This is done by adding
the values coming up from the difference quotient of these projections. Finally, to analyze these two curves the
average, the standard deviation, and a threshold are calculated and every value not fitting in this range is defined
as motion.

In the second method the measured data are reconstructed first to calculate a forward-projection. Afterwards
the coordinates of the CoM are calculated in every projection Py and P®,. Next for every k = 1,...,m SF*
and SP™* are subtracted and interpreted coordinate-wise as a curve. Again, to detect motion the difference
quotient, the average, the standard deviation, and a threshold are used to detect a changeover in the run of these
curves. Experience has shown that for both center of mass methods 0.y = DQ + 0.01 is a good value. Like in
the first CoM method the data of simultaneously acquired projections are added after the difference quotient.

2.3. Using CoM and Principal Axis

The third and last method uses a combination of the CoM and principal axes. First the measured data P is
reconstructed to calculate a forward-projection generates PP thereafter. Now the projections P, and PPy,
k=1,...,m are considered as density functions or mass distributions. So the expectation value E of a function
f :R™ - R with respect to projection Py, is defined as

i e [(@i,y)Pr(i, )

Pi(fir ) =
E7(f(z,9)) SSTP) (7)

which can also be interpreted as the CoM of the projection Py. Furthermore the covariance is generated by
Cov®* := EP*[(z — §P*)(x — ST*)T] € R?Z. (8)

The principal axes is now given as a line through the CoM in the direction of an eigenvector corresponding to the
largest eigenvalue of the covariance.'® Now the coordinates of the center of mass are analyzed as in the second
version of the CoM methods. Additionally the angle between the principal axes of P, and P, can be calculated
to gain a third criterion for motion detection. The idea is that in a motion free imaging the principal axes of
P, and P, are equal and the angle between both axes will be zero. But if motion occurs an angle greater
than zero should be detected. So the angle between all projections P, and P are calculated and analyzed
with the difference quotient, the average, the standard deviation, and a threshold. Experience has shown that
for the principal axis 84cf = DQ + 1.15° is a good value. Also in this case the information coming up from
simultaneously acquired data are used together.
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Figure 3: Used phantoms.

Figure 4: Three types of SPECT systems are tested. From left to right: opposing heads (1), perpendicular
heads (2) and three heads with an angle of 120 degree between the cameras (3).

3. RESULTS

To test the introduced methods, two 3D discrete academic phantoms with a resolution of 64 x 64 x 64 voxels
were created. The first one looks like a coconut, the second one consists of seventeen small separated cylinders
(see fig.3). Three different types of SPECT systems are tested (see fig. 4). The first two systems are dual
head SPECT, one with opposite heads, the other with perpendicular heads. The last system is a triple head
SPECT with an angle of 120 degree between the cameras. For these three systems a SPECT imaging is simulated
using the two introduced phantoms. For the dual head system with opposing heads and the triple head system
a 360 degree imaging using 60 projections is simulated and a 180 degree imaging with 30 projections for the
perpendicular heads. As a first step the phantoms are noise-free and absorption or scattering is not included in
the simulated imaging.

To reconstruct the calculated projections we choose the well known expectation maximization (EM) algo-
rithm!® using 20 iterations. To test the methods for motion detection two scenarios are used. In the first scenario
one motion occurs during the SPECT imaging. To test all methods systematically translation of 0.5,1.0,2.5,5.0
pixels tested separate in x- y- and z-direction. The same is done for rotation of 2,3.5,9 and 18 degrees around all
three axis. Additionally 15 motion sets using all six degrees of freedom were randomly created using a range of
—5 to 5 pixel for translation and —18 to 18 degrees for rotation. These ranges were chosen to guarantee a motion
greater than 0.5 pixel, due to the fact that motion of half a pixel or more can end up in motion artefacts after
reconstruction.’” In the second scenario two motions occurred during the SPECT imaging. In this case only
the randomly created 15 motion sets are used. For both motion scenarios table 1 defines after which projection
motion occurs. The projection number was chosen randomly. For the camera systems using 60 projections
four different sets for the point in time when motion occurs are defined and three sets for the system using 30
projections.



Camera system 1 2 3

Number of projections 60 30 60

Rotation angle 360° 180° 360°

One motion after projection 14 3 14
7 8 7
9 14 9
27 3

Two motions after projection | 14,15 | 3,7 14, 15
7,17 | 8,11 | 7,17
9,13 | 14,15 | 9,13
27,29 3,19

Table 1: Tested motion scenarios for all three camera systems (see fig. 4).

CoM; | CoMs | CoM + PA | MSD
detected motion in percent 93.84 | 93.66 95.83 69.20
false-positive rate of all det. motions in percent | 31.30 | 26.87 63.24 72.52

Table 2: Results for the dual head SPECT system with opposing heads. Altogether 552 motions must be
detected to reach 100%. From left to right: first center of mass version, second center of mass version, center of
mass with principle axes, and mean squared difference.

The results for all motion tests to any defined motion position for the three different camera systems are
shown in table 2, 3, and 4. The tables present the detection rate and the false-positive detection rate in percent.
The false-positive rate is calculated using the number all detected positions without motion divided by the
number of all detection. Table 2 specifies the results for the dual head SPECT with opposing heads, table 3 for
perpendicular heads, and table 4 for the triple head SPECT system.

Both CoM versions detect approx. 93% of all motions with a low rate of false-positive detected motions for
SPECT system (2) and (3) (see fig. 4) and approx. 30% for system (1). Comparing both versions one should
prefer the second one. It always has a little higher detection rate and a lower false-positive detection rate. But
it has the disadvantage that a reconstruction and forward-projection of the acquired data are needed, which
need much more computing time as the sine-fit of the first version. Unfortunately using the CoM has a general
drawback. It obviously cannot detect rotation if the center of rotation is identical with the CoM. In this case
the CoM will not change. Due to this one more criterion should be used to detect motion like in the CoM
with principle axes method. For all three camera systems, using this combined center of mass and principle
axes approach, approx. 96% of the occurring motion could be detected. But more than 50% of the detected
motions are false-positive detections. As one can see from the false-positive rate of the CoM methods most of
the false-positive detected motions are coming up from the angle informations of the principal axes. On the
other hand this method can detect motion which is not seen in MSD or CoM. Further tests combining these
method with the DDMC approach are needed to decide if it is problematic to detect 2n motions if only n motions
occur. The last method, the MSD, can only detect 70% up to 80% of all occurring motion. Additionally it has
a false-positive detection rate depending on the used camera system of 72%, 35%, and 9%. One should note
that this method was only build for SPECT systems with perpendicular heads. But even for that system the

CoM; | CoMy | CoM + PA | MSD
detected motion in percent 91.79 | 92.75 96.86 69.32
false-positive rate of all det. motions in percent | 7.99 3.76 50.80 35.07

Table 3: Results for the dual head SPECT system with perpendicular heads. Altogether 414 motions must be
detected to reach 100%. From left to right: first center of mass version, second center of mass version, center of
mass with principle axes, and mean squared difference.



CoM; | CoMy | CoM + PA | MSD
detected motion in percent 92.57 | 92.75 96.20 79.89
false-positive rate of a det. motion in percent | 0.00 0.00 66.33 9.07

Table 4: Results for the triple head SPECT system. Altogether 552 motions must be detected to reach 100%.
From left to right: first center of mass version, second center of mass version, center of mass with principle axes,
and mean squared difference.

MSD detection rate is much lower comparing to the other methods. Due to this, one of the three other methods
should be used.

4. DISCUSSION

We presented and evaluated three methods for automatically detecting rigid body motion in SPECT imaging
working with the acquired projection data only. One of these methods, using a center of mass approach combined
with information on principle axes, does exactly detect the motion in most cases (96%). Unfortunately, it works
with a high false-positive detection rate (60 %). The method using the CoM only, has a lower false-positive rate
for the price that it detects less motion occurrences. Future work will investigate the high false-positive rate of
the principle axes approach in more detail. Furthermore, to advance the detection rate of the center of mass
approach it is planned to employ one more criterion for motion detection and to evaluate this method for real
SPECT data. Finally, the best motion detection approach will be included in the DDMC scheme for further
testing.
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