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Abstract—Image degradation due to motion is a known
problem in positron emission tomography (PET). To reduce
motion artifacts in PET, gating based techniques were found
applicable. In pure respiratory gated PET, each gate still contains
cardiac motion. Analogously, pure cardiac gated PET images
still contain respiratory motion. Hence, we make use of dual
(joint respiratory and cardiac) gating to further reduce the
amount of motion contained in the images. The inclusion of
non-rigid cardiac motion leads to intensity modulations caused
by the partial volume effect (PVE). To overcome the intensity
modulations we identified and considered the mass-preserving
property of PET images in the Variational Algorithm for Mass-
Preserving Image REgistration (VAMPIRE). The aim of this
paper is the elimination of both cardiac and respiratory motion
in thoracic dual gated PET without a loss of statistic. The
strategy of our proposed motion correction approach is: 1) Dual
gating, 2) Mass-preserving motion estimation (VAMPIRE), and 3)
Averaging of the aligned images. In a patient study we showed
that the proposed mass-preserving motion correction strategy
significantly removes motion artifacts in cardiac PET. VAMPIRE
achieved accurate results that resemble cardiac and respiratory
motion across all patients.

Index Terms—motion correction, mass-preservation, image
registration, dual gating, hyperelastic regularization, PET

I. INTRODUCTION

Image degradation due to motion is a known problem in
positron emission tomography (PET) [1], [2], [3]. Gating based
techniques were found applicable to reduce motion artifacts
in PET. Gating is the decomposition of the whole dataset into
parts that represent different breathing and/or cardiac phases
[4]. After gating each single gate shows less motion.

In the context of respiratory motion correction, Dawood et
al. [3] propose an optical flow based approach and Bai et al. [2]
use a regularized B-spline approach with a Markov random
field regularizer. However, in pure respiratory gated PET, each
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gate still contains cardiac motion. Analogously, pure cardiac
gated PET images still contain respiratory motion. Hence, we
make use of dual (joint respiratory and cardiac) gating [5] to
further reduce the amount of motion contained in the images.

The inclusion of non-rigid cardiac motion leads to intensity
modulations caused by the partial volume effect (PVE). To
overcome the intensity modulations we identified and con-
sidered the mass-preserving property of PET images in the
Variational Algorithm for Mass-Preserving Image REgistration
(VAMPIRE) [1], [6], [7].

The strategy of our proposed motion correction approach
is: 1) Dual gating, 2) Mass-preserving motion estimation
(VAMPIRE), and 3) Averaging of the aligned images.

II. MATERIALS AND METHODS
A. Dual gating of patient data in thoracic PET

An n x m dual gating [5] matrix of n cardiac and m
respiratory images is built, i.e., each cardiac phase is over
again divided into all respiratory phases (or vice versa). The
number of gates was set to m = n = 5 for all computations
in the following.

Information about the cardiac cycle was provided by an
ECG signal. A gating scheme with equidistant time frames was
performed for the cardiac cycle. This ensures similar statistics
and noise levels in each gate.

The respiratory phases were estimated by a list mode data
driven approach [4]. An amplitude based subdivision was
performed which again ensures similar statistics per gate.

All images were reconstructed with an EM algorithm [8],
[9] which is freely available at [10].

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

Each template image 7 : £ — R is registered onto an
assigned reference image R : Q — R, where Q C R? is the
image domain. This yields a transformation y : R® — R3
representing point-to-point correspondences between 7 and
R. To find y, the following functional has to be minimized

min DIM(T, ). R)+a S@) n

D denotes the distance functional (sum-of-squared differences
(SSD) in our case) and M the transformation model. S is the
regularization functional. To achieve a high robustness against
noise, S is set to a hyperelastic regularization energy [11]
which controls changes in length, area and volume of the
transformation.
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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 [6], [7], [12].

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

The implementation is based on the freely available FAIR
toolbox [13] in MATLAB®. We use a multi-level strat-
egy along with a Gauss-Newton optimization, and a spline-
interpolation scheme. The VAMPIRE code can be downloaded
at [14].

C. Hyperelastic regularization

The hyperelastic regularization functional S™P controls
changes in length, area of the surface and volume of y [11]:

Shyper(y, ay, g, a’l))

= q .Slength(y) +a, .Sarea(y) + a, ~SVOI(y)7 (3)

where oy, aq,, > 0 are constants and I',,T', : R — R
are positive and strictly convex functions, with I';, satisfying
lim, g+ I'y(2) = lim, 00 I'y(2) = 00. The three summands
individually control changes in length, area of the surface and
volume,

Shniny) /Q IVyl3 de @
S (y) = / Lo (|Cof(Vy)3) da )
5%(y) = / T, (det(Vy)) da | ©)

where the Frobenius norm is defined as || A2 := y/tr(AT A)
for matrices A € R?*? and Cof(A) denotes the cofactor
matrix.

D. Evaluation

As no ground-truth information for the patient data is
available, the performance of our method is evaluated with
image and transformation based methods. The image based
method is the normalized cross correlation (NCC):

(TusRu)
ITull I Rull

where 7, = T — u(7T) and R, = R — p1(R) are the unbiased
versions of 7 and R (u(-) is the expected value).

For validation based on the transformation, the range of the
determinant of the transformation’s Jacobian (Jacobian map) is
analyzed. A positive and finite range indicates a diffeomorphic,
i.e. invertible, transformation.

NCC(T, R) := (7

III. RESULTS

BE-FDG PET data of 15 cardiac patients (20 minutes
scans) were processed by dual gating and motion corrected
by applying our VAMPIRE algorithm. The gate representing
mid-expiration and the diastole was chosen as reference R

() MMP(T y)

(f) No gating

(d) Average (VAMPIRE)

(e) Single cardiac gate

Fig. 1. 7T (b) is registered to R (a) using VAMPIRE resulting in (c). Our
final result after averaging all dual gates (d) and the image without any
corrections (f) are shown as well. For comparison, a single cardiac gate is
shown in (e).

as the heart is most of the time in diastole and as the mid-
expiration phase shows the smallest deformation (caused by
respiration) to the other gates on average.

For one patient and one gate we illustrate our results in
Fig. 1 with coronal slices. The displayed template gate in (b)
shows the systolic heart phase in maximum inspiration, which
is the most challenging gate compared to the reference gate (a)
in diastole and mid-expiration. The estimated transformation y
is overlaid in (b). The mass-preserving transformed template
gate can be seen in (c). The final image after averaging all
aligned dual gates is shown in (d). In (f), the image without
any corrections can be seen. For better comparableness with
pure cardiac gating as done in [6] we show a single cardiac
gate (heart in diastole) in (e).

The minimum of all Jacobian maps (all patients and all
gates) is 0.340 and the maximum is 1.969. The range of the
Jacobian map for each patient is further illustrated in Fig. 2.
The minimum and maximum value over all gates is plotted
for each patient.

On average the NCC for all patients and all gates increased
from 0.90240.037 to 0.974+0.001. For the most challenging
gates in relation to the reference gate, i.e., heart in systole and
maximum inspiration, we found an increase from 0.766+0.071
to 0.969 £ 0.012. Fig. 3 illustrates the NCC values averaged
over all patients.

IV. DI1SCUSSION AND CONCLUSION

The aim of this paper is the elimination of both cardiac
and respiratory motion in thoracic dual gated PET without
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Fig. 3.

Gates

The average NCC (average of all patients) before (dashed black line) and after (solid black line) motion correction is plotted for all dual gates. The

blue dash-dotted lines separate the different cardiac gates which consist of five respiratory gates each. The reference image is gate 23 which explains the NCC
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Fig. 2. The global minimum and maximum of the Jacobian map is shown
for each of the 15 patients. The gray area represents the range of the Jacobian
maps. Values below | represent expansion and values above 1 compression.
Hence, all transformations are diffeomorphic as no values below O appear.

a loss of statistic. In a study of 15 patients we showed
that the proposed mass-preserving motion correction strategy
significantly removes motion artifacts in cardiac PET. The
results of VAMPIRE are accurate and resemble cardiac and
respiratory motion across all patients. This is indicated by
good NCC values and appropriate Jacobian ranges (i.e. no
negative or too large values appear) that guarantee invertibility
of the estimated transformations.

The dual gating scheme leads to a lower statistic per gate
due to the increased number of gates compared to pure
respiratory or pure cardiac gating. This demands adequate
regularization. Hyperelastic regularization makes VAMPIRE
robust against noise as length, area and volume of the trans-
formation can be controlled.

The average image in Fig. 1(d) combines the reduced
amount of motion of the reference gate (a) with the low noise

of the image without gating (f). The superiority of dual gating
compared with pure cardiac gating [6] can be seen, e.g., at the
upper part of the heart contour in Fig. 1(d) and (e).

We are positive that further improvements of image quality
can be achieved by a joint reconstruction of image and
motion or by incorporating the transformation into a motion
compensated reconstruction, which is left for future work.

In conclusion, we propose a novel image registration ap-
proach to motion correction in thoracic PET. The major
improvement is the incorporation of a mass-preserving trans-
formation model in combination with dual gating for motion
estimation. We show that both cardiac and respiratory motion
are robustly eliminated to a very high extent.
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