Motion Correction in Respiratory Gated Cardiac
PET/CT Using Multi-scale Optical Flow
Mohammad Dawood1,3 , Thomas Kösters2, Michael Fieseler1 ,
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Abstract. Respiratory motion is a source of degradation in positron
emission tomography. As the patients cannot hold breath during the
PET acquisition, spatial blurring and motion artifacts are unavoidable
which may lead to wrong quantiﬁcation of the data. A solution based on
respiratory-gating and optical ﬂow based correction of the PET data is
proposed. This includes deformation of the CT data for accurate attenuation and listmode based reconstruction. All methods are applied to real
patient data and are evaluated with respect to three criteria.

1

Introduction

Respiratory motion is a well known source of degradation in positron emission
tomography (PET). Since cardiac PET studies typically require several minutes
of acquisition time, the patients cannot hold their breath during the acquisition
and respiratory motion is the result. Motion in PET studies leads to two problems: wrong attenuation correction and image blurring. Attenuation correction is
required to account for the eﬀects of photon absorption in the body. This problem
is enhanced if the computed tomography (CT) data is also used for attenuation
correction as in PET/CT. The CT represents a snapshot in comparison to the
PET images thus the PET data is not always in spatial correspondence with the
CT data and will be consequently wrongly corrected for attenuation. Motion
also leads to image blur and may cause wrong staging [1], inaccurate localization [2] and wrong quantiﬁcation [3] of the lesions. Most recent studies related
to this problem estimate the respiratory motion on the high resolution and less
noisy gated CT images [7], [8], [9]. This goes hand in hand with an increase in
radiation dose for the patient, which is not justiﬁable for most cardiac patients.
Using the PET data is diﬃcult as it has low resolution and high noise.
A solution to this problem is proposed along the following lines: 1) The patient data is acquired on the PET/CT scanner using respiratory gating. 2) The
respiratory motion is estimated with the help of a discontinuity-preserving optical ﬂow algorithm. This algorithm is robust in presence of noise and usage of
a multi-scale approach allows it to also accurately estimate large displacements.
D. Metaxas et al. (Eds.): MICCAI 2008, Part II, LNCS 5242, pp. 155–162, 2008.
c Springer-Verlag Berlin Heidelberg 2008


156

M. Dawood et al.

3) The CT data is deformed to correspond to the diﬀerent respiratory phases
for accurate attenuation correction. 4) The PET data is reconstructed using the
motion estimate and the deformed CT data in a single step [9].

2

Respiratory Gating

Respiratory gating is the method of dividing the PET data so that each part
represents only a fraction of the total respiratory motion. The respiratory signal
was acquired by laying a belt around the patient’s waist with a marker attached
to it. The marker was tracked with the help of a video camera as described
in [5]. The respiratory signal is than divided into eight parts with respect to the
amplitude and used for reconstruction. Each image volume was reconstructed
without attenuation correction, since that leads to artifacts on the images [10].
The images were reconstructed using a 3D OSEM algorithm [11]. The reconstructed volumes had the dimensions 175×175×47 and voxel size 3.375 mm in
each direction.

3

Discontinuity Preserving Optical Flow

Optical ﬂow methods calculate the motion between two image frames. As a voxel
with intensity I(x, y, z, t) moves a small distance between the two frames, the
intensity of the pixel remains unchanged thus:
Ix u + Iy v + Iz w = −It

(1)

with u, v, w for the x,y and z components of the velocity or optical ﬂow and
Ix ,Iy ,Iz ,It for the derivatives of the intensity image in corresponding directions
respectively time. This basic equation contains three unknowns. Thus it needs
to be supplied with additional conditions for obtaining a solution. Recently, a
locally-consistent and globally-smooth optical ﬂow method was proposed [12]. A
discontinuity-preserving (DP) algorithm is proposed here, which is based upon
this method and has been adapted for application to 3D medical imaging [4].
The ﬂow is found by minimizing:

(2)
fDP = {ψ1 (D) + αψ2 (S)}dxdydz
where D = k ∗ V T (∇I∇I T )V gives the locally consistent term, k is a gaussian
kernel, and S = |∇V |2 is the global smoothing term. V = (Vx , Vy , Vz , 1)T is the
motion vector and ∇I = (Ix , Iy , Iz , It )T lastly, ψi are given by the functions:

s2
ψi (s2 ) = 2βi2 1 + 2 , i ∈ 1, 2
(3)
βi
with βi as scaling factors. Discontinuity preservation is achieved by weighting
the ψ2 function, i.e. the smoothness in ﬂow, in accordance with the magnitude
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Fig. 1. Motion estimated on PET data. A coronal-slice from the 3D PET volume is
shown overlaid with the estimated motion vectors.

of the edge at the voxel i. Thus areas with no or only weak edges are strongly
smoothed as compared to areas with strong edges. Each component of the ﬂow
vector is separately weighted to make the algorithm anisotropic. An example of
the estimated motion vectors is shown in Fig. 1. The values for the parameters
were selected based on the optimization with the genetic algorithms toolbox by
Matlab Inc. The typical values for these images were around 300 for α, and
5.9 for β1 and 5.2 for β2 . The number of inner iterations was around 200. The
parameters are relatively stable with no apparent change in results for a range
of values, e.g. α could be varied between 200 and 450 without any visible eﬀect
on the results.
The algorithm so far is robust enough to be used with noisy images. However, it becomes inaccurate with increasing motion. It is therefore proposed to
calculate the ﬂow in several small steps. The remaining motion at each step is
corrected at the next higher level of resolution, thus:
f (Io ) = f (Il ) + f (Ih )

(4)

where f (Io ) denotes the motion on original images, f (Il ) denotes the motion
estimated at a lower resolution, and f (Ih ) denotes the remaining motion present
on the images in original resolution, already corrected for f (Il ). Three levels of
resolution were used, counting the original images as level one, in this study.

4

Accurate Attenuation Correction

Attenuation correction is needed for quantiﬁcation of the PET data as it corrects
the data for the eﬀects of absorption of the gamma quants inside the body. In
PET/CT scanners, the CT scan is used for attenuation correction. The CT is
acquired very fast and under breath-hold condition thus, there is a shift between
CT and diﬀerent PET respiratory phases. To solve this problem the motion ﬁeld
derived from the PET data is used to deform the CT data so that it corresponds
to the PET data in all respiratory phases, see Fig. 2. Attenuation correction
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Fig. 2. CT data overlaid on the PET data. a) The CT does not corresponds to the
respiratory phase of the PET data in the heart region. b) After motion correction, the
CT data corresponds to the PET data.

performed with the deformed CT data is more accurate and avoids attenuation
artifacts.

5

Data Acquisition

Seven patients with coronary artery disease were included in this study. A listmode dataset was acquired for 20 minutes, 1 hour post injection of 18 FDG (4
MBq/kg). The Siemens Biograph Sensation 16 PET/CT scanner (Siemens Medical Solution) with a dedicated listmode research package was used for data
acquisition. The respiratory signal was acquired during the PET listmode acquisition. The PET scanner has an intrinsic spatial resolution of around 6 mm
full-width-at-half-maximum (FWHM) [13].

6

Evaluation Criteria

Three diﬀerent method of evaluation were used to assess the performance of the
motion correction scheme.
Motion of Heart. The heart moves due to the respiratory motion of the lungs
and diaphragm. The reduction of heart motion, therefore, can be used as a
measure for assessing the performance of the motion correction technique. A
manually selected threshold was used to segment the heart on the PET images.
The displacement was calculated by observing the motion of the center of mass
of the segmented heart. These results take the 3D aspect of the PET data into
account and are in absolute units (millimeters).
Correlation Coeﬃcient. The second measure used is the correlation coeﬃcient(CC). The correlation coeﬃcient considered all voxels in the 3D volume.
It is more prone to noise than the displacement of heart. The CC is a global
indication of the performance of the motion correction method.
Myocardial Thickness. Myocardial activity is spread across a region due to
the motion of the heart which leads to an apparent thickening of the myocardium.
Thicker myocardium thus indicates motion of heart. Three consecutive transaxial
slices from the center of the heart were manually selected on each patient data.
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The myocardial thickness was measured on the PET data by ﬁtting a gaussian
function to the anterior wall of the myocardium and calculating it’s FWHM.

7

Results

Motion of Heart. The results of the motion of the heart criteria are summarized in Table 1. The range of motion on the uncorrected data was 21.6 mm
to 6.6 mm for diﬀerent patients, whereas the corrected data shows a range of
only 0.5 mm to 0.2 mm. Fig. 1 shows the estimated motion vectors on a single
coronal-slice taken from the 3D PET volume. It demonstrates that the main motion is present in the heart region and adjacent lung base, this corresponds with
the expectations. Also, that the motion discontinuities are preserved strongly
along the organ boundaries. The ﬁnal result of the motion correction scheme is
shown in Fig. 3.
Correlation Coeﬃcient. The correlation coeﬃcient analysis shows the same
results as the motion of the heart criteria (Table 2). The values are shown only
for the Gates 1, 4, and 8 to report condensed results. Gate 1 being the target
gate, the correlation for Gate 1 is naturally overall 100%.
Myocardial Thickness. The results of the myocardial thickness assessment
are given in Table 3. The thickness of the anterior wall varies from patient to
Table 1. Motion of Heart on Patient Data [mm]
Patient Original After correction
P1
21.6
0.2
8.4
0.2
P2
12.0
0.5
P3
13.4
0.2
P4
8.9
0.3
P5
6.6
0.2
P6
6.7
0.3
P7

Fig. 3. a) Ungated PET/CT images after attenuation correction. b) The same data
after attenuation and motion correction. The blur and the apparently decreased tracer
uptake of the anterior wall on a) is corrected in b).
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Table 2. Correlation Coeﬃcient Analysis on Patient Data, [%]
Gate 1 Gate 4 Gate 8 Average
Patient
P1 Original 100.00 73.09 61.30 78.13±20
P1 Corrected 100.00 94.13 93.78 95.97±3
P2 Original 100.00 88.65
P2 Corrected 100.00 95.12

80.00 89.55±10
94.95 96.69±3

P3 Original 100.00 84.51
P3 Corrected 100.00 92.81

80.34 88.28±10
91.18 94.66±5

P4 Original 100.00 81.53
P4 Corrected 100.00 97.43

69.75 83.76±15
96.98 98.14±2

P5 Original 100.00 88.56
P5 Corrected 100.00 95.14

81.27 89.94±9
95.08 96.74±3

P6 Original 100.00 94.26
P6 Corrected 100.00 98.38

88.93 94.40±6
98.29 98.89±1

P7 Original 100.00 88.69
P7 Corrected 100.00 94.85

84.82 91.17±8
94.17 96.34±3

Table 3. Myocardial Thickness Analysis on Patient Data [mm]
Patient Target Gate Motion Corrected Not Corrected
P1
7.9
8.3
11.0
7.6
7.2
9.5
P2
3.9
4.3
4.7
P3
6.3
6.5
7.3
P4
10.2
9.7
11.0
P5
5.0
5.2
5.3
P6
4.7
4.5
4.8
P7
Avg
6.5±2.2
6.5±2.0
7.7±2.8

patient. The myocardial thickness without motion correction was between 3.9
mm and 11.0 mm which was decreased to values between 4.3 mm and 9.7 mm
after motion correction.

8

Discussion

The PET data was corrected for motion by using respiratory gating and multiscale discontinuity-preserving optical ﬂow. Additionally the CT based attenuation map was deformed to correspond to the diﬀerent respiratory phases, see
Fig. 2.
Motion of Heart. The results show that the motion correction was independent of the magnitude of motion. Thus the motion was reduced to 0.2 mm on
patient P1 with 21.6 mm as well as on P6 with only 6.6 mm of motion. All
datasets have 0.5 mm or less residual motion after the application of the motion
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correction scheme. Considering the voxel resolution of 3.375 mm on the images,
we can conclude that the respiratory motion has been corrected for all practical
purposes.
Correlation Coeﬃcient. The correlation coeﬃcients are increased to values
closer to 100 as compared to before motion correction for all datasets. The
improved values are almost constant for diﬀerent gates e.g. the correlation was
reduced by 11.79% for patient P1 from gate 4 to gate 8 whereas the decrease on
the corrected data is only 0.35%. This shows that the correction method works
relatively independent of the magnitude of motion, the same result as given by
the heart motion analysis. Also the standard deviation of the data becomes much
smaller after motion correction as all gates approach the same respiratory phase.
Myocardial Thickness. The apparent thickness of the anterior wall due to blur
caused by the respiratory motion was expected, as can been seen by comparing
columns 1 and 3 of the Table 3. The myocardial thickness on the motion corrected
data is compareable to the values on the target gate. Thus the motion blur has
been successfully reduced on the corrected image volumes. It is to be noted
that in P1, the diﬀerence in the myocardial thickness between the corrected
and the uncorrected data is around 3 mm, or almost 1 voxel which shows that
quantiﬁcation based on uncorrected volumes may be signiﬁcantly wrong.

9

Conclusion

A complete motion correction scheme comprising motion estimation on PET
data, transformation of the CT based μ-maps and reconstruction of the listmode data using these corrections was presented. The evaluation on real patient
datasets with three diﬀerent criteria showed that motion was successfully corrected on the PET data.
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in positron emission tomography: A quantitative comparision of diﬀerent gating
schemes. Medical Physics 34, 3067–3076 (2007)
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