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Abstract. Cardiac Motion artifacts in PET are a well known problem.
The heart undergoes two types of motion, the motion due to respiratory
displacement and the motion due to cardiac contraction. These movements lead to blurring of data and to inaccuracies in the quantification.
In this study a continuity equation based optical flow method is presented
and results on 3D PET patient datasets for cardiac motion correction
are presented. The method was evaluated with respect to three criteria: correlation between the images, myocardial thickness and the blood
pool activity curves. The results showed that the method was successful
in motion correcting the data with high precision.
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Introduction

PET (Positron Emission Tomography) is one method of acquiring metabolic information in patient studies, e.g. to visualize and quantify glucose metabolism in
the body. To achieve this, a radioactive substance is injected in the patient body
prior to image acquisition. The radioactive isotope decays with time and emits
radiation which can be detected in specially built scanners. The distribution
of the radioactivity in the body can thus be visualized and gives information
on the metabolism. In PET, β + radioactive molecules are used for this purpose. These molecules emit positrons which collide with electrons and produce
two gamma quanta which fly away from each other in opposite directions. The
gamma quanta can now be detected in the scintillation detectors of the PET
scanner. Using specialized reconstruction methods the activity distribution can
thus be reconstructed [1].
⋆
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As this process of image acquisition requires a relatively long period of time,
typically several minutes, the motion of the heart due to respiration and due to
the cardiac contraction blurs the images. Image blur may cause wrong staging
[2], inaccurate localization [4] and wrong quantification [5] of lesions. Thus PET
studies have to take this into account.
This problem is compounded further if computed tomography (CT) data is
used for attenuation correction, as in the case of modern PET/CT scanners. The
CT data represents a snapshot in comparison to the PET images and therefore,
the PET data is not always in spatial correspondence with the CT data.
One method of avoiding this problem is to use respiratory and cardiac signals
from the patient to divide the PET data into phases with respect to either or
both signals [6]. This is called gating. However, gating leads to reduction of
the amount of information per phase. To get the same amount of information
the image acquisition time has to be proportionally extended or the amount of
radioactivity has to be increased. The first option is costly whereas the second
exposes the patients to increased radioactivity.
Most recent studies related to this problem estimate the motion on the high
resolution and less noisy gated CT images [7],[8],[9]. But this comes at the cost
of an increased exposure of the patient to x-rays, which should be avoided where
possible.
Two important studies related to the correction for cardiac motion are [10]
and [11]. In the first study optical flow is used for estimating the deformations
in the images by modeling the myocardium as an elastic membrane. The second
study combines the motion estimation of the first study with reconstruction in
a single framework. However this study is confined to 2D images and deals with
cardiac motion.
1.1

Aim

The aim of this study is to present a new method based on optical flow which
can correct the PET images for cardiac motion and is also computationally
simple enough to allow reasonable times for motion correction. The method is
essentially different from the brightness consistency based optical flow methods
[12],[16] as it is based on the continuity equation. This change in the basic model
is necessary as brightness consistency is not given in cardiac gated PET data
due to the partial volume effect (PVE).
The PVE is a result of the limited resolution of the scanners. All objects
smaller than the scanner resolution limit can not be accurately delimited and
therefore appear blurred. As the heart muscle contracts and expands during the
cardiac cycle its thickness varies. In phases with thicker heart wall, the activity
is better resolved and has a higher amplitude as compared to other phases where
the activity is spread over a larger area. However, the total amount of the activity
remains the same.
The presented method is thus applicable to gated cardiac PET data. It is
evaluated on software phantom and real patient data.

Continuity Equation Based Optical Flow

2

3

Intensity and Mass Conserving Optical Flows

Optical flow methods estimate the motion between two image frames. As a voxel
with intensity I(x, y, z, t) moves between the two frames, its intensity is assumed
to remain constant in intensity conserving optical flow methods. Therefore the
following equation holds [16]:
I(x, y, z, t) = I(x + δx, y + δy, z + δz, t + δt)

(1)

Here x, y, z are the spatial 3D coordinates and t is the time. Assuming the
movement to be small enough and with Taylor expansion we get:
Ix u + Iy v + Iz w = −It or
∇I · u = −It

(2)

with u, v, w for the x,y and z components of the velocity or optical flow u, and
Ix ,Iy ,Iz ,It for the derivatives of the intensity image I in corresponding directions,
respectively time.
To find the optical flow from this equation with three unknowns, additional
constraints are required. Smoothness in flow is one such constraint. The famous
optical flow algorithm by Horn/Schunck [17] also uses this constraint. The optical
flow is thus found using an iterative scheme, whereby an energy functional is
minimized. This functional can be given as:
Z
f = min ((∇I · u + It )2 + α(|∇u|2 + |∇v|2 + |∇w|2 ))dxdydz
(3)
where larger values of α lead to a smoother flow. The minimization can be
achieved by calculating the corresponding Euler-Lagrange equations.
Such methods have been applied to the problem of respiratory motion on 3D
PET/CT data successfully [15].
The optical flow estimation presented so far is applicable to data where the
intensity of the objects remains constant. However, in some cases this constraint
does not hold true. Cardiac PET studies are one such example. As the resolution
of the PET scanners is limited, the real radioactive intensity present in an object
cannot be accurately located below the limit of resolution resulting in image blur.
In case of the heart, the myocardium (the heart muscle) expands and becomes
thin in the end-diastolic phase whereas it contracts and becomes thick in the endsystolic phase (see figure 1). Therefore, the intensity seen on PET images of the
myocardium varies largely depending upon the heart phase under observation.
In the case of cardiac PET images, another approach is thus required. The
here presented method is based upon the continuity equation, more precisely
upon the conservation of mass. This law says that the mass in a closed system
is conserved. If we substitute activity by mass, the law must still hold, as the
total activity in the system remains same from systolic to diastolic phases of the
heart. It is only blurred in the diastolic phase. It should be noted that our data is
pre-corrected for the time dependent radioactive decay during the reconstruction
process so that the decay itself plays no role for our considerations.
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Fig. 1. Two phases from the cardiac cycle of the heart. Above: End-Systole, Below:
End-Diastole. A coronal slice from the 3D PET image volume is shown. Images from
an FDG study are shown here without attenuation correction.

The continuity equation for mass conservation is given as [13]:
∂I
+ div(Iu) = 0
∂t

(4)

where I is the intensity value, u = (u, v, w)T is the velocity vector i.e. the optical
flow. Deviations from this eqution can be penalized by the following functional:
Z
(∇I · u + It + I · div(u))2 dxdydz
(5)
The derivative in time It can be calculated on discrete image volumes by using
the difference: I2 − I1 , where I2 is the floating and I1 is the target image volume.
As with the intensity based optical flow, this is again an under-determined system
of equations and therefore a smoothing term can be added to solve it. In the
present study we used the same smoothing term as given in equation 3. The
resulting optical flow functional is thus:
Z

Z
f = argmin
D2 dV + α
SdV
(6)
V

V

with
D = div(Iu) + It ,

S = |∇u|2 + |∇v|2 + |∇w|2

The minimization of the equation (6) can be achieved by using the corresponding Euler-Lagrange equations. These are given by:
0 = Dx I + α∆u
0 = Dy I + α∆v
0 = Dz I + α∆w

(7)
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Fig. 2. The optical flow calculated with the proposed method. A coronal slice is shown
with superimposed vectors. Only two components of the flow are shown.

where Dx , Dy , Dz are the first derivatives of D in the corresponding directions.
The weighting parameter α was set to about 0.05 based upon our previous
experience with the data.
Once the optical flow is found (see Figure 2), the images have to be transformed to get the motion corrected data. The equation (4) can be used for this
purpose. As the time derivative It was calculated as I2 − I1 and the flow u is
now assumed to be known, the transformed image can be calculated as:
I2mc = I2 + div(I2 u)

3

(8)

Software Phantom and Patient Data

To validate the methods, software phantom data was used. The NCAT software
phantom by segars et al [14] provides a widely used tool for emission tomographic
data simulation. The phantom data were produced for a cardiac cycle with 10
phases. The first gate was set to be end-diastolic and thus the end-systolic phase
was gate number 5. The voxel size was 3.125 mm in each direction. Default
parameters for the size and activity were used. The data was noise free and
contained only minimal partial volume effects.
Fourteen patients with known coronary artery disease were included in this
study. Patients were routinely referred to the 18 FDG PET scan for evaluation of
myocardial viability prior to revascularization. A listmode dataset was acquired
for 20 minutes, 1 hour post injection of 18 FDG (4 MBq/kg). To enhance FDG
uptake in the heart, the patients underwent a hyperinsulinemic euglycemic clamp
technique prior to and during the scan [18]. All patients received β-blockers to
slow down and stabilize the heart rate during CT examination.
The Siemens Biograph Sensation 16 PET/CT scanner (Siemens Medical Solution) with a dedicated listmode research package was used in these studies.
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This PET scanner has a spatial resolution of around 6 mm [19]. The cardiac
signal for gating was acquired during the PET acquisition. The listmode file
contains the coincidences along with the time of occurrence. This information
together with the ECG information was used to sort the data into 10 cardiac
phases. The data was then reconstructed without attenuation correction with
the help of an expectation maximization algorithm [3]. In patient datasets, the
end-diastolic phase was gate 3 and the end-systolic phase was gate number 9.

4

Results and Discussion

The performance of the proposed method was estimated with help of three criteria. These are 1) the correlation coefficient, 2) the myocardial thickness and
3) the left ventricular blood pool activity. The results of these experiments are
given below in the corresponding subsections.
In all studies the diastolic phase was used as the target gate. It should be
remembered that the cardiac cycle does not follow a linear pattern. This means
that some phases are very close to each other and there are large differences
among others.
4.1

Correlation Coefficient

The spatial correlation between the original and the motion corrected volumes
was calculated between the target phase (end-diastolic) and all other phases before and after motion correction. To discard the influence of the stationary voxels,
such as out of body pixels, a 40x40x40 voxels large volume of interest (VOI) was
selected around the heart. The correlation coefficient was then calculated as:
P P
(Amn − Ā)(Bmn − B̄)
(9)
cc = q P P m n
P P
( m n (Amn − Ā)2 )( m n (Bmn − B̄)2 )
where Ā and B̄ are the means intensities of the respective volume.
The results for the software phantom are given in Table 1. The average
correlation after motion correction is 99.86 as compared to 88.51 before the
same. Besides high correlation, it is to be noted that the variation among the
uncorrected data is far greater (min 80.25, std: 2.67) than after motion correction
(min 99.81, std: 0.23). This shows that the algorithm effectively corrected the
motion for all phases.
Phase 1
2
3
4
5
6
7
8
9
10
Avg
Before MC 100.0 94.53 92.99 86.65 81.73 80.25 80.75 82.22 90.88 95.08 88.51
After MC 100.0 99.87 99.87 99.85 99.83 99.81 99.82 99.83 99.87 99.87 99.86
Table 1. Results of the correlation analysis on software phantom dataset.
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An overview of results on patient data can be seen in Figure 3. For better
readability the results are given only for the correlation of the end-systolic with
the target phase. Again, a high mean of 99.76 for all patients (min 99.54, std:
0.11) as compared to the original data (min 71.70, std: 5.84) was achieved.

Fig. 3. Results of the correlation analysis on systolic phase of all patient datasets.

4.2

Myocardial Thickness

The thickness of the left ventricular wall increases from the end-diastolic to the
end-systolic phase to pump blood into the arteries. As this variation follows the
cardiac cycle, the wall thickness for all phases should correspond to that of the
target phase after motion correction.
To calculate this measure, line profiles were taken across the left ventricular
wall after manual reangulation of the heart. The distance between the ascending
and descending flanks of the profile curve was taken as the width of the myocardial wall. For this the line profile was fitted with a gaussian curve and the
FWHM of the fittgin function was used. To reduce the influence of noise, three
consecutive slices were selected in the mid ventricular area and the average wall
thickness calculated. As opposed to the correlation coefficient, this measure is
more localized in nature.
The results on phantom data are given in Table 2 and show that the myocardial thickness is consistently (within 0.1 mm) similar to that of the target phase
(to be recalled: voxel size was 3.125 mm3 ). The standard deviation was reduced
from 1.32 mm to 0.04 mm.
The results for patient data are given in Figure 4. The wall thickness was 17
mm on average in the end-systolic phase, which compared to 14 mm on average
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Phase 1
2
3
4
5
6
7
8
9
10
Before MC 10.0 10.1 10.7 12.6 13.6 13.0 12.3 11.3 10.7 10.2
After MC 10.0 9.9 9.9 10.0 9.9 9.9 9.9 9.9 9.9 9.9
Table 2. Myocardial thickness [mm] on software phantom dataset.

for the end-diastolic phase. After motion correction the new transformed endsystolic phase also showed a wall thickness of 14 mm on average. The sum of
squared differences between the wall thickness in end-systolic and end-diastolic
phases was reduced from 133.9 to 2.5 after motion correction. The wall thickness
appears larger than usual as attenuation correction was not performed.

Fig. 4. Results of the myocardial thickness analysis on all patient datasets.

4.3

Mean Activity in Blood Pool

The third criterion to assess the performance was the mean activity in the blood
pool in the left ventricle. Due to the PVE, activity radiates from the myocardium
into the blood pool. In the end-systolic phase the blood pool is small, the ventricular walls closer to each other and accordingly there is a greater blurring
effect as compared to the end-diastolic phase, when the blood pool is larger
and the walls farther apart. After motion correction the blood activity values
should be similar for all phases. For this analysis a 6x6x6 voxels large VOI was
selected inside the left ventricle manually for each data set and the mean activity
calculated in this VOI.
The results given in Figure 5 show that the activity in the blood pool becomes relatively independent of the cardiac phase after the proposed algorithm
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Fig. 5. Results of the mean activity in blood pool analysis among all patient datasets.

is applied. In the case of patient 10, the patient with the highest myocardial
uptake on the Figure, the standard deviation of mean VOI activity among all
cardiac phases was reduced from 409.5 to 26.5. The radiation into the blood increases with higher uptake in the myocardium. Consequently, the patients with
high myocardial uptake show the largest variance among blood pool activities
of the systolic and diastolic phases.

5

Conclusions

A continuity equation based optical flow method for cardiac PET data motion
correction is presented. The method is able to correct the data despite partial
volume effect. It was validated on patient and software phantom data. The results
showed that the cardiac motion was corrected precisely.
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