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Abstract Recently, a wide interest on organ-dedicated PET systems
has been shown. Some of those systems present geometries that pro-
duce an incomplete sampling of the tomographic data due to limited
angular coverage and/or truncation, which lead to artifacts on the
reconstructed image. Moreover, they are often designed as stand-
alone systems, which implies the absence of anatomical information
to estimate the attenuation factors. In this work, we propose a joint
reconstruction algorithm for estimating the activity and the attenuation
factors on a limited angle PET system with time-of-flight capabili-
ties. This algorithm is based on MLACF and uses literature linear
attenuation coefficients in a known tissue-class region to obtain an
absolute quantification. We evaluate the algorithm through simple 2D
simulations for different TOF resolutions and angular coverage. The
results show that with good TOF resolution quantitative PET imaging
can be achieved even with aggressive angular limitation.

1 Introduction

In recent years, organ-dedicated PET (positron emission to-
mography) systems have been proposed as an alternative to
the whole-body scanner. These systems are focused on being
less expensive, requiring less space and/or providing easier
patient access, having higher resolution and/or better sensitiv-
ity [1]. They are typically stand-alone systems, which means
the absence of supplementary CT or MR systems that could
be used to provide the attenuation image. Many such systems
use a geometry that can lead to limited angular coverage and,
therefore, the acquisition of incomplete tomographic data.
Because the reconstruction from these data does not have a
unique solution, the reconstructed images usually suffer from
artifacts. It has been shown that in PET, the availability of
TOF (time-of-flight) information reduces these limited angle
artefacts [2, 3].

When data are provided with TOF information, joint recon-
struction algorithms can be used to estimate the attenuation
sinogram from the emission data up to a global constant
[4] for all the LORs where activity is present, so long as
the spread of the tracer is wider than the TOF resolution.
This constant can be determined if prior knowledge about
attenuation (or activity) values is available [5-8].

In this work we consider the problem of jointly reconstruct-
ing the activity image and the attenuation sinogram from
TOF-PET data suffering from limited angular coverage or
truncation. We propose an approach based on the MLACF
algorithm of [9]. For limited angle data, it is not guaranteed
that all sinogram pixels are affected by the same constant,
but below we show that in many cases this will be the case.

To determine the value of the constant, the attenuation im-
age is reconstructed from the estimated attenuation coeffi-
cients. The problem is only studied in 2D. As shown below,
the results indicate that for PET with high TOF resolution,
quantitative image reconstruction can be achieved even for
systems providing very limited angular coverage and severe
truncation.

The work presented here has also been submitted to IEEE
TRPMS [10]

2 Materials and Methods

2.1 System design

In order to examine the effect of limited angular coverage
in TOF-PET image reconstruction, we use a 2D simulation
of a partial arc of a circular PET. We consider limited angle
effects similar to those seen by a pair of flat panels of size
W, separated by distance D, by setting to zero the sensitivity
value of all the LORs that are not seen by both flat panels
(LOR 1 and 3 in figure 1).

2.2 Joint reconstruction

In order to exploit the TOF information in the joint estimation
of activity and attenuation process, Maximum Likelihood
estimation of the activity and the Attenuation Correction
Factors (MLACF) [9] is applied.

In TOF PET, the expected count y;, for a certain line of
response (LOR) i and TOF-bin ¢ can be written as:

yil =aipit +rit Wlth Pir = Zcijllj (1)
J

where pj; is the unattenuated TOF projection of the activity
image A; for LOR i in TOF-bin #, g; is the total linear attenu-
ation coefficient along the LOR i, ¢;j; is the sensitivity of the
measurement bin (i,¢) for activity in voxel j in the absence
of the attenuation and r;, is an additive contribution made by
randoms and/or scatter.

Then the MLACF algorithm [9] is given by:
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where n and m denote the iteration numbers for the activity
and the attenuation correction factors (ACFs), respectively,
and pl(") =Y, pft"). Also for other TOF-dependent variables,
we will drop the TOF-index to denote summation over the
TOF-bins.
TOF data determine the attenuation sinogram up to a constant,
which correspond to a multiplicative factor in the activity
image. To obtain it, we propose to reconstruct an image from
the attenuation sinogram and use prior information in image
space (e.g. known tissue attenuation in a certain region) to
obtain the constant. To reconstruct the attenuation sinogram
we use the MLTR algorithm [11]:
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where p; is the reconstructed attenuation value in voxel j,
yi = biexp(—Y;lijiuj) + ri, l;j is the intersection length of
LOR i and pixel j. Equation 4 uses the measured activity
vi = ¥, Vi as transmission scan and the unattenuated forward
projection of the reconstructed activity b; =}, ¢;;sA; as the
blank scan.

In order to determine the constant, agreement of some re-
constructed attenuation values with the known attenuation
coefficient of soft tissues at 511 keV was imposed [7, 12]. A
region composed mostly of soft tissue was identified in the
image and the mean attenuation coefficient in that region was
computed. The region was determined by thresholding the
central region of the image, keeping the values greater than
the median over the region. Given the ratio of the correct
tissue attenuation value to the extracted mean attenuation
value (f3), the following expression was used to estimate 7,
the factor by which the activity image (and therefore the
blank scan) had to be scaled.
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The blank scan was then rescaled with the factor ¥, the
attenuation image with 8 and a new MLTR-iteration was
computed. This sequence of MLTR reconstruction and re-
scaling was repeated until 0.99 < y < 1.01, which typically
happens after a few iterations. Note that the relation between
the attenuation image and the transmission sinogram is non-
linear, which is why MLTR iterations are required to correctly
propagate the effect of rescaling the activity with 7y into the
attenuation image.

3 Simulation experiments

In this section, the performance of a circular PET system
for scanning a heart phantom is studied for different system
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parameters, including: full or limited angular coverage, sino-
gram truncation to a width W of 50 cm, a TOF resolution
of 250 ps or 60 ps FWHM and presence or absence of a
scatter contribution. The noise was modelled using 200 noise
realizations with a moderate noise level of 8.5 - 10° counts in
the activity sinogram. The 2D simulated randoms are scaled
to obtain randoms to primary ratio of 50%.

The images were reconstructed with 20 iterations of the re-
scaled MLACEF algorithm outlined above, and post-smoothed
with a 2D Gaussian with FWHM of 4 mm.

We analyze two types of systems. We will consider a limited
angle system that we call "open configuration" (described in
figure 1 left) and a "closed configuration" that is obtained by
accepting all LORs seen by the panels if they were rotating
continuously.

In order to challenge the reconstruction, four (three horizontal
and one vertical) small Defrise phantoms were added to the
heart phantom (see figure 1). These phantoms have been
added with, from top to bottom, distances of 16, 10, 10 and
30 mm between the rods.

In the right part of figure 1 we compare the activity recon-
structions for both re-scaled MLACF and MLEM with per-
fect attenuation map for the 250 ps in the case of limited
angle for open and closed configuration

Figure 1 show that the performance of the re-scaled MLACF
algorithm is close to the MLEM with perfect attenuation map
as the difference between their values is low compared to the
background activity.

For a scatter simulation study (figure ??), a scatter sinogram
was generated. It was produced by convolving the trues
sinogram with a 3D Gaussian with a FWHM of 120 mm
in radial direction, 0.43 radians in angular direction and 94
mm in TOF direction. After smoothing, the scatter sinogram
was multiplied with a scatter to trues ratio of 70%. In the
final sinogram, the ratio of scatters to prompts was 0.38. No
scatter correction was applied to the reconstructed images.
The two narrowest horizontal Defrise phantoms are poorly
reconstructed in the open configuration, but this is solved
if the TOF resolution is improved to 60 ps (9 mm). As ex-
pected, the vertical Defrise phantoms are in any case well
reconstructed. The absolute differences between the recon-
structions and ground truth images (also post-smoothed with
a 4 mm gaussian) are small.

4 Discussion

In this work, joint reconstructions of the activity and atten-
uation were done using a re-scaled MLACF approach. The
scale factor can be determined by imposing a-priori known
attenuation values to regions in the attenuation image [12].
When the scale factor is obtained, the activity image can
be re-scaled accordingly, no new activity reconstruction is
required. For these 2D simulations, a good value of the scale
factor could be obtained, despite the presence of limited angle
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Figure 1: Left up and down: Description of the system and estimated attenuation sinograms for the closed and open configuration. Up
right: Activity reconstructed images from perfect attenuation MLEM, re-scaled MLACEF, and the difference image for closed and open
configuration and 250 ps, respectively.Bottom right: Activity profiles along the line shown in the picture above. Even for the closed
systems, the arms are outside the FOV and therefore not seen in all parallel projections.
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Figure 2: Results from 200 noise realisations for W = 50 cm without scatter contribution, (from top to bottom): closed configuration
with 250 ps, open configuration with 250 ps, closed configuration with 60 ps and open configuration with 60 ps. In (a) and (from left
to right): mean of the 200 noise realizations for the activity reconstruction, difference of this mean image with the ground truth, mean
attenuation reconstruction, difference of this mean image with the ground truth, first noise realization of the activity, standard deviation
for the 200 noise realizations of the activity, first noise realization of the attenuation and standard deviation of the attenuation. In (b) the
line profiles of the activity image along a row through the apex of the heart (shown in (a) in purple) of the ground truth (black), the mean
of 200 noise realizations (green) and the noiseless reconstructed image (red) for (from left to right) 250 ps closed configuration, 250 ps
open configuration, 60 ps closed configuration and 60 ps open configuration.
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artefacts.

In general, the images are worse for the open system, be-
cause of the increased amounts of missing data. For the
closed system, the truncation is very limited, only part of
the arms extend beyond the field of view and nearly artefact-
free reconstructions are obtained. For the open system, the
images are reconstructed from limited angle data. The hor-
izontal Defrise phantoms, and in particular the two narrow
ones, are poorly reconstructed when the TOF resolution is
250 ps, because the system has no projection data that "have
seen" that there is a cold region between the hot rods. The
vertical Defrise phantom is reconstructed accurately, because
the two rods appear well separated in the acquired vertical
projections. When the TOF resolution is improved to 60
ps, it provides a spatial resolution of 9 mm along the LORs.
This enables the system to detect the cold region between
the rods and to obtain accurate reconstruction of the Defrise
phantoms.

Strong limited angle artifacts appeared in the attenuation and
activity images near the edges of the phantom. MLACEF is
less performant if the activity is distributed along the LOR
over a distance which is small compared to the TOF reso-
lution. This is the case near the edges of the object. They
produce an overestimation of the attenuation and activity
estimates, which will adversely affect scatter estimates com-
puted from the images, which, in turn, will propagate into
the scatter corrected image. These effects will degrade image
quality mostly near the edges of the object, but it can affect
the central part to some extent. In addition, for the open
system, the central part of the attenuation map is vertically
blurred as a result of the missing data. Therefore, to ensure
artefact-free and quantitative reconstruction of the activity
near the center of the field of view, additional constraining of
the attenuation image may be necessary, e.g. by imposing a
maximum value to attenuation coefficients.

The analysis of the scatter estimation and correction problem
is left for future research, but as a first exploration, the effect
of a scatter estimation error on the performance of the re-
scaled MLACEF algorithm was investigated. For that purpose,
re-scaled MLACEF reconstructions without scatter correction
were computed from scatter-contaminated sinograms. The
reconstructed images are not exact, but they have a reason-
ably good visual quality. Based on these results, an iterative
procedure alternating the estimation of the joint activity to-
gether with attenuation estimation and scatter estimation may
work, even when initialized with a zero scatter estimate. We
will evaluate this for fully 3D TOF-PET.

5 Conclusion

In this work, we investigated with simple 2D noise-free and
noisy simulations the feasibility of obtaining attenuation cor-
rected images from stand-alone limited angle TOF-PET sys-
tems. For the joint estimation of the activity and attenuation
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images, we proposed a re-scaled MLACEF algorithm. We con-
sider the results promising, warranting further investigation
with more sophisticated fully 3D simulations and real PET
measurements.
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