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Abstract The need for quantitative accuracy of single photon emis-
sion computed tomography (SPECT) image analysis is increasing
with the emergence of targeted radionuclide therapies such as liver
radioembolization. Breathing motion is a major issue for quantitation
as it leads to misestimation of the tumor activity in the SPECT im-
ages. In this paper, we developed a data-driven motion compensated
SPECT reconstruction algorithm to account for respiratory motion.
A respiratory signal was retrospectively extracted from SPECT list-
mode data with the Laplacian Eigenmaps algorithm and used to sort
the projections into temporal bins of fixed phase width. A 2D affine
motion was then estimated between projections at different phases.
The transformation parameters were used to re-bin the list-mode data
into one set of compensated projections that was then used to recon-
struct a 3D motion-compensated SPECT image using all available
events of the list-mode data. The method was evaluated on both simu-
lated and real SPECT acquisitions of liver patients, and compared to
respiratory-gated reconstruction. The motion-compensated reconstruc-
tion retrieved larger activity in the tumors compared to conventional
3D SPECT reconstruction with a better contrast-to-noise ratio than
gated reconstruction.

1 Introduction

Single photon emission computed tomography (SPECT) is
a key tool for imaging cancer, both for diagnosis and thera-
peutic purposes. The recent emergence of targeted radionu-
clide therapies, such as liver radioembolization or neuroen-
docrine tumors treated with !’7Lu, increased the need for
quantitative SPECT analysis, both for pre-treatment planning
or per-treatment activity distribution monitoring. One key
step in liver radioembolization is the pre-treatment > Tc
SPECT/CT acquisition used to assess lung shunt and extra-
hepatic uptake. This acquisition can also be used to evaluate
the planned dose delivered by therapeutic °°Y microspheres
injected in the liver. The accuracy of this patient-specific
treatment planning directly depends on the accuracy of the
pre-treatment SPECT images.

Respiratory motion has a major impact on the image quality
by blurring the SPECT image. For example, Bastiaannet et
al [1] showed on simulated data that it may underestimate the
SPECT activity in liver tumors. A widely used method to cor-
rect for breathing motion in tomography is respiration-gated
reconstruction. It consists in using a respiratory signal to sort
the measured projections in small temporal respiratory gated
frames with minimal motion. Then, the sorted projections
are reconstructed phase per phase yielding a series of motion-
free volumetric images [2]. This method has proven effective
to reduce the blur around moving tumours and improves

81

the quantification of the tracer concentration. However, the
lower photon count in the projection data of each individual
time frame compared to conventional reconstruction leads to
SPECT images with a poorer signal-to-noise ratio.

Other methods like motion-compensated reconstruction po-
tentially allow to reconstruct images without motion artifacts
while using all the available data. This type of method re-
quires the knowledge of the motion of the patient during the
whole acquisition. Then, the motion information can be used
to combine all individual gated frames into a single motion
corrected image either before [3], during [4] or after [5] the
reconstruction.

A common method to retrieve the motion vector field is to
use a previous 4D image of the same patient, e.g., a 4D
CT [4]. However, a 4D image is rarely available in clinical
practice and the respiratory motion changes from day to day.
Another approach is to estimate the breathing motion field
with image registration between the frames of the respiratory-
gated PET or SPECT images [3, 6]. In that case, a prior gated
reconstruction, which might be time consuming, is needed.
Also, additional hardware is often used to get the respiratory
signal needed for the gated reconstruction.

One way to avoid the previous reconstruction step is to
estimate the movement in projection space. For example,
Bruyant et al [7] tracked the center of mass of the gated
projections to get the motion information. However, this
method only assumes rigid motion and might not be suitable
for complex tumor deformation.

In this paper, we correct for breathing motion in a conven-
tional SPECT acquisition, without extra hardware or extra
image. Affine deformation is estimated between gated pro-
jections and accounted for by re-binning list-mode data. The
respiratory signal used for gating the projections is extracted
from the list-mode data. The method was validated on sim-
ulated data and real patient acquisitions and compared to
uncorrected and respiratory-gated reconstruction.

2 Materials and Methods

We assume a list-mode dataset of a conventional 3D SPECT
acquisition, i.e., a list of events describing the spatial position,
the energy and the time of each photon impinging on the
detector for a set of detector positions around the patient.
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2.1 Breathing signal extraction

A respiratory signal was first estimated using the algorithm
described in [8]. The algorithm bins the list-mode data into
low-count 256 x 256 pixel projections at a high framerate
(200 ms) and uses Laplacian Eigenmaps to reduce the dimen-
sionality to a 1D breathing signal sampled at 200 ms. The
breathing phase was computed by assuming linearity from
0% to 100% between two consecutive end-inhale positions.

2.2 Motion estimation

The projections were then gated using the breathing phase.
Projections were sorted into temporal bins sampling the
breathing cycle regularly, eight for patient acquisitions and
twenty for simulated data. The projections were acquired
with a dual-head SPECT system (section 2.5), thus acquiring
two opposite projections per gantry angle. For motion esti-
mation, one of the two projections was laterally flipped and
added to the other to improve the signal to noise ratio during
the registration.

A reference bin was chosen and the other projection bins
were registered to it using the Elastix image registration pack-
age [9]. Registration computed a 2D affine transformation (6
degrees of freedom) using the correlation coefficient as simi-
larity measure and adaptive stochastic gradient descent for
the optimisation. The resulting transformations were then ap-
plied to the list-mode data to bin a set of motion-compensated
projections, keeping the two opposite projections separated.
This step compensates the apparent 2D projective motion in
the projections.

For each acquisition, we generated one set of compensated
projections corresponding to the end-inhale position. This bin
was chosen because it minimizes the attenuation correction
error made by the use of a 3D attenuation map for liver
tumors located close to the lungs.

2.3 SPECT reconstruction

All volumes were reconstructed using the Reconstruction
Toolkit (RTK) [10]. The projections were reconstructed with
20 iterations and 4 subsets into a 1283 voxel matrix (voxel
size 4.42 mm), using the OSEM algorithm with a quadratic
penalization. All the reconstructions included scatter and
attenuation correction. For the attenuation correction, the 3D
CT image acquired by the SPECT/CT system (section 2.5)
was used.

For each dataset, we reconstructed one conventional 3D im-
age with no motion compensation, one respiratory-gated
4D image and one motion-compensated 3D image with the
proposed method. In addition, for the simulation dataset, ref-
erence 3D images were reconstructed with the patient static
at end-inhale.
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2.4 SPECT simulation

The SPECT acquisition of a breathing patient was simulated
with the Monte Carlo software Gate [11]. The simulated
SPECT scanner was the same as the one of the patient acqui-
sitions (section 2.5). Patient motion over a breathing cycle
was estimated on the 4D CT image of a thoracic patient. The
end-exhale phase was used as reference and registered to
each of the nine other phases using 3D deformable image
registration. The liver was delineated on the CT image of
the reference phase and a spheroid activity source of 20 mm
radius was positioned in the liver with of 1:9 ratio between
the activity in the tumor and the liver activity in the back-
ground. Deformation vector fields were interpolated between
consecutive frames to obtain 20 frames which were applied
to the reference frame of the 4D CT and the activity sources
(tumor and background). The resulting 20 positions in the
respiratory motion were simulated individually. At the end
of the simulation, the twenty list-mode files were gathered
into a single list-mode file according to the input respiratory
signal to mimic the acquisition of a breathing patient with a
continuous rotation.

2.5 Patient acquisitions

The patient datasets were acquired with the dual-head Gen-
eral Electric Discovery NM/CT 670 of the Léon Bérard can-
cer center equipped with the Low Energy High Resolution
(LEHR) collimator. Sixty projections were acquired over
360°, each with 128 x 128 pixels, 4.42 mm isotropic spacing
and an acquisition time of 25 s. Patient acquisitions used
for this study came from the pre-treatment imaging of liver
radioembolization procedure. This step consists in injecting
around 350 MBq of **"Tc macro aggregated albumin (MAA)
inside the liver to assess lung shunt and extrahepatic uptake.
Twelve distinct patients were included in this study. One
patient was scanned three times but the results were analyzed
separately, yielding fourteen patient samples.

2.6 Image analysis

On each reconstructed volume, a volume of interested (VOI)
was delineated. For the simulations, the VOI of the refer-
ence 3D SPECT image (with no motion), of the motion-
compensated reconstructions and of each frame of the recon-
structed 4D image was the known tumor delineation at the
respective position in the breathing cycle. The VOI of the
blurred 3D image was the union of the 20 tumor positions.
For the patient acquisitions, a fixed threshold at 42% of the
maximum value was used to define the VOI [12].

The activity was evaluated by computing the mean activity A
in the VOI. The activity recovery was defined as follows:

Aevaluated - Aref
Aref

AA = x 100 (1)
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Uncorrected Gated Static

Motion-compensated

Figure 1: Sagittal slices of the images reconstructed from the
SPECT simulation. The gated, motion-compensated and static
images are images of the end-inhale position.
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Figure 2: Contrast-to-noise ratio for the different reconstructions
of the SPECT simulation.

where Acvaluated Was the mean activity in the VOI of either
the gated, motion-compensated or blurred reconstruction and
At the one in the reference image. The reference was the
reconstruction with no motion for the simulation and the
blurred reconstruction for the patient acquisition.

The contrast-to-noise ratio (CNR) was computed for each
reconstruction as follows:

Uy — o

(%)

CNR = 2)
where ; is the mean activity in the VOI, u, the one in the
background and o, the corresponding standard deviation.
The amplitude of the tumor motion was also measured in each
acquisition by tracking the center of mass in the respiratory-
gated reconstruction.

3 Results

3.1 Simulations

Sagittal slices of the images reconstructed from simulated
data are shown in Figure 1. Motion-compensated reconstruc-
tion visually improved image quality compared to the gated
or the blurred reconstructions.

This visual observation was quantitatively confirmed by the
CNR value (Figure 2), which was higher for the motion-
compensated reconstruction than the reconstruction without
motion correction and the gated reconstruction and closer to
the reference.

The mean activity in the tumor of the blurred 3D reconstruc-
tion was 24% lower than the reference. The gated and the
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Figure 3: Contrast-to-noise ratio for the 29 tumors segmented on
the patient reconstructions.
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Figure 4: Activity recovery AA for the gated and motion-
compensated images of the patient acquisitions at end-inhale. The
blurred image was used as reference.

motion-compensated reconstructions were closer to the refer-
ence: 1% below and 2% above, respectively.

3.1.1 Patients

Patient evaluation included 29 tumors in 20 SPECT acqui-
sitions of different patients. The average motion amplitude
was 8.1 mm with a 3.4-16.4 mm range. The CNR value
is given in Figure 3. On average, the CNR in the motion-
compensated SPECT image was 31.1% and 8.2% higher
than the one obtained with the gated and the blurred SPECT
images, respectively. The maximum gains were 90.1% and
2349% compared to the uncorrected and the gated reconstruc-
tions.

The activity recovery AA was 3.4% on average with a -10%—
19% range for the gated reconstruction. The average value
was 2.3% for the motion-compensated reconstruction and the
value range between -8% and 19% (Figure 4).
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4 Discussion

The proposed motion-compensated reconstruction was ap-
plied to simulated and real liver radioembolization pre-
treatment **"Tc SPECT acquisitions. The method is fully
data-driven and does not require any extra-hardware or other
image than the conventional 3D SPECT list-mode data.

The motion-compensated reconstruction recovered larger ac-
tivity value in the tumor compared to the reconstruction with-
out compensation. On the simulation, the activity recovery
AA was closer to the reference 3D reconstruction obtained
from a static simulation.

For the patient acquisition, the average increase was 2.3%
compared to the uncorrected reconstruction. For five tu-
mors, this value was above 10%. The activity recovery was
slightly correlated to the tumor motion amplitude (fig. 4).
Therefore, for tumors with substantial motion, the motion-
compensated reconstruction should help to improve the pre-
dictive dosimetry for *°Y radioembolization, leading to more
accurate patient-specific treatment planning. However, fur-
ther studies are needed to assess the real impact on the pre-
dictive dosimetry, e.g. studying the impact of the method on
the quantification of the tumor-to-normal liver ratio or the
lung shunt fraction.

The use of a 3D attenuation map to perform the attenuation
correction of the motion-compensated reconstruction might
lead to mismatch between the attenuation map and the emis-
sion map. This can result in under- or over-estimation of the
activity recovery depending on the tumor location. The most
critical position is near the border between the liver and the
lung, which have very different attenuation coefficients. In
that case, part of the tumor can match the lung position in the
attenuation map when reconstructed at end-exhale, whereas
at end-inhale, most of the tumor is in the liver. In this study,
we chose to reconstruct the motion-compensated images at
end-inhale to mitigate this effect.

The activity recovery obtained with motion-compensated re-
construction was in the same range as the one obtained with
respiratory-gated reconstruction. However, motion compen-
sation improved the CNR with respect to gated reconstruction.
Higher CNR could improve the detection of small tumors or
regions with low uptake ratios, thus improving the diagnostic.
In this study, we only considered tumors in the liver but the
method can be easily adapted to other organs. However, it
might be limited by the estimation of motion in the projec-
tions since two tumors might overlap but move differently in
these images [3].

5 Conclusion

We have developed a fully data-driven motion-compensated
SPECT reconstruction and evaluated it in the context of
liver radioembolization. The method was compared to a
respiratory-gated reconstruction in terms of activity recov-
ery and CNR. The motion compensation recovered larger
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activity in the tumor compared to conventional 3D SPECT
reconstruction with higher CNR than respiratory-gated re-
construction, which should eventually improve the treatment
planning of liver radioembolization.
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