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Abstract—In positron emission tomography (PET), motion due
to the cardiac and respiratory cycle causes blurred images.
Different approaches for motion correction in PET vary in
the general concept (optical flow or image registration) or,
e.g., in the discretization of motion. Given our mass-preserving
transformation model, we evaluate different motion models in
this work: dense displacement field (compute for each voxel an
individual displacement) vs. spline transformation (i.e. free-form
deformation). Thereby a focus is put on the parametrization of
the spline transformations where we optimize the number of
spline coefficients and the regularization parameter. We make a
quantitative comparison of the motion estimates of the different
motion models based on data of the established XCAT software
phantom. For both motion models (displacement field (DF) and
spline transformation (ST)) the registration results are evaluated
by 1) the total processing time and 2) the Euclidean distance
to the ground-truth vectors provided by the XCAT phantom.
We found that the spline transformation model is superior to
the displacement field strategy in terms of processing time and
accuracy.

Index Terms—motion correction, mass-preservation, image
registration, spline transformation, hyperelastic regularization,
PET

I. INTRODUCTION

In positron emission tomography (PET), motion due to the
cardiac and respiratory cycle causes blurred images. Various
algorithms for motion correction in PET were recently devel-
oped [1], [2]. In this context, we proposed the incorporation
of prior knowledge (preservation of mass) into the registration
process with the Variational Algorithm for Mass-Preserving
Image REgistration (VAMPIRE) [3], [4], [5].

The different approaches for motion correction in PET vary
in the general concept (optical flow [2] or image registration
[1], [3]) or, e.g., in the motion model. Given our mass-
preserving transformation model [3], we evaluate in this work
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Fig. 1. The template image 7 is registered to the reference image R.

different motion models in the sense of [6]: dense displace-
ment field (compute for each voxel an individual displacement)
vs. spline transformation (i.e. free-form deformation). Thereby
a focus is put on the parametrization of the spline transforma-
tions where we optimize the number of spline coefficients and
the regularization parameter.

Based on the ground-truth motion vectors, provided by the
established XCAT software phantom [7], we make a quan-
titative comparison of the motion estimates of the different
motion models.

II. MATERIALS AND METHODS
A. XCAT Phantom Data

Two gates with varying cardiac and respiratory phase are
generated with the XCAT software phantom [7]: one template
image 7, showing the systolic heart phase at maximum
inspiration, and a reference image R in the diastolic heart
phase at mid-expiration, see Fig. 2(a).

The simulated tracer uptake values were derived from a real
BE-FDG patient scan [3]. The ideal images of the XCAT tool
were blurred with a Gaussian kernel to simulate the partial
volume effect (PVE) (FWHM = 3.85mm). The blurred
images were forward projected into data space, where Poisson
noise was simulated. In a final step, the sinograms were
reconstructed with an EM algorithm [8], [9] which can be
downloaded at [10].

The original images were cropped to a size of 80 x 80 x 44
with a voxel size of 3.375 mm.

B. VAMPIRE - Variational Algorithm for Mass-Preserving
Image REgistration

A template image 7 : Q — R is registered onto an
assigned reference image R : Q@ — R, where Q C R? is
the image domain. This yields a transformation 7 : R? — R3
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representing point-to-point correspondences between 7 and
‘R. To find y, the following functional has to be minimized
min DM (T, y), R) +a S(y) . (1)
Yy
D denotes the distance functional (sum-of-squared differences
(SSD) in our case) and MMP the mass-preserving transforma-
tion model

MM(T y) := (T oy)- det(Vy) = T(y)- det(Vy) . (2)

In the mass-preserving transformation model of VAMPIRE
the template image 7 is transformed by interpolation on
the deformed grid y with an additional multiplication by the
volumetric change. S is the regularization functional.

For the parametric spline transformation, y is computed
from a set of parameter w (y = y(w)). Hence, the functional
in (1) is be optimized in w.

The implementation is based on the freely available FAIR
toolbox [11] in MATLAB®. We use a multi-level strategy
along with a Gauss-Newton optimization. The VAMPIRE code
can be downloaded at [12]. Some time critical operations, like
interpolation and regularization, were implemented matrix free
and parallelized in C to keep memory usage to a minimum and
to speedup the computation. All computations were evaluated
on a quad-core 64-bit Linux machine with 2.50 GHz and 7.5
GB RAM.

C. Displacement Field (DF)

For the DF registration we performed a parameter search
for the hyperelastic regularizer [13] parameter (vector) o by
minimizing the error measure e in Equation (3).

D. Spline Transformation (ST)

For the ST we varied the regularization between hyperelastic
and the internal FAIR regularization for splines (penalizing the
norm of the coefficients) [11]. The parameters for hyperelastic
regularization with ST were set to the same values as estimated
for the hyperelastic DF registration since the same data with
the same noise level is processed. The FAIR regularization was
evaluated for different values, ie., a € {5- 105, 10,5 106}.
In addition, the optimal number of spline coefficients was
part of the optimization. The image size was divided by a
factor s € {2,4,6,8,10,12,14, 16, 18} to define the number
of spline coefficients. Given an image size of 80 x 80 x 44,
the number of spline coefficients varies between 40 x 40 x 22
(s =2)and 4x4x2 (s = 18). Given a voxel size of 3.375 mm,
s can also be interpreted as putting every s-3.375mm a
spline coefficient. Consequently, the spacing of the coefficients
ranges from 6.75 mm (s = 2) to 60.75 mm (s = 18).

III. RESULTS

For both motion models (DF and ST) the registration results
are evaluated by 1) the total processing time and 2) the error
measure

(. yor) = ﬁ / ly(@) - yor (@)|lde . 3
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Fig. 2. 7T (Fig. 1(a)) is registered to R (Fig. 1(b)) once with a displacement
field (DF) ((a) and (c)) and once with a spline transformation (ST) model
(s = 10, a = 5-10%) ((b) and (d)). A magnification with a comparison of
the estimated vectors and the ground-truth vectors is shown in (e) and (f).

As only regions with significant tracer uptake provide infor-
mation for the registration process, the error evaluation is
consequentially restricted to the left ventricle where a high
uptake is simulated.

Displacement Field vs. Spline Transformation

For the DF an accuracy of 1.96 mm could be achieved.
The VAMPIRE algorithm terminated after 326s. The resulting
grid y is overlaid on template image in Fig. 2(a). The image
after applying the mass-preserving transformation can be seen
in (c). A comparison of the estimated and the ground-truth
transformation is given in (f).

The results of the ST evaluation can be seen in Fig. 3. The
factor s is plotted against the ground-truth distance e of the
estimated motion vectors in (a) and against the total processing
time in (b). In addition to the spline results, a solid black
horizontal line is plotted which represents the DF result.

IV. DISCUSSION AND CONCLUSION

For ST and all regularization parameters settings an optimal
number of spline coefficients of 8 x 8 x 4 (s = 10) was
found. This represents a spacing of 3.375cm for the spline
coefficients.

For s = 10 hyperelastic regularization (¢ = 1.47mm)
and FAIR regularization with o = 5-10° (e = 1.56 mm),
a = 10% (e = 1.52mm), and a = 5-10% (¢ = 1.59 mm)
lead to comparable accuracies. With the given voxel size of
3.375mm all these values represent a subvoxel accuracy. The
processing time of hyperelastic regularization (79 s) was longer
compared to the times for these three a-values (45, 42s, and
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DETAILED COMPARISON OF THE DISPLACEMENT FIELD AND SPLINE TRANSFORMATION RESULTS. FOR ST ONLY THE VALUES FOR s = 10 (OPTIMAL

TABLE 1

COEFFICIENT FACTOR) ARE SHOWN. BEST RESULTS ARE LABELED IN

Displacement Field Spline Transform. | Spline Transform. | Spline Transform. | Spline Transform.
(Fig. 2(a), (c), (e)) (Fig. 2(b), (d), (1)
Spline coefficient factor - s=10 s=10 s=10 s=10
Regularization scheme hyperelastic hyperelastic a=5-10° a =108 a=5-108
Error measure e(y, ygr) 1.96 mm 1.47 mm 1.56 mm 1.52mm 1.59mm
Processing time ¢ 326s 79s 45s 42s 28 s
6— . . . . g eqe
ST, M=5¢5 1ndlcat1pg invertibility. ' . .
55 —ST, M=1e6 It might further be interesting to make a comparison of
5l _‘_‘g’ hMyzse‘iglasﬁc the results in this paper and the displacement field strategy
e —DF while stopping at different levels in the multi-level pyramid.
£ 45 It might be promising to stop at the last but one resolution
C . . .
° AT level and to prolongate the grid to the final resolution. This
845l might further stabilize the methods’ robustness against noise
% 3 and save computation time while having a sufficient accuracy.
5 In conclusion, comparing the ST results with the DF results
@ 2.5¢ (see Fig. 3) reveals that the spline transformation model (s =
Dbz 10 and « = 5-10°, shown in Fig. 2(b), (d), (f)) is superior
15 " to the displacement field strategy in terms of processing time
' (ST: 28s vs. DF: 326s) and accuracy (ST: 1.59mm vs. DF:
P 4 6 8 10 12 14 16 18 1.96 mm).
spline coefficient factor s
(a) Error measure e against coefficient factor s V. ACKNOWLEDGMENTS
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