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Abstract—Different methods have been proposed for simulta-
neous reconstruction of activity and attenuation from TOF-PET
sinogram data. In this work we present the listmode maximum
likelihood activity and attenuation reconstruction (MLAA ) and
the listmode maximum likelihood attenuation correction factors
(MLACF) algorithms building on their established sinogram
implementation. Our listmode MLAA differs from a recently
proposed listmode algorithm by incorporating the maximum
likelihood transmission reconstruction (MLTR) algorithm in
MLAA. The listmode MLTR algorithm has some similarity to
the listmode image based reconstruction algorithm (ISRA),since
it reconstructs the image from the backprojection of the acquired
data. We investigate the reconstruction results on a scan ofthe
NEMA IEC body phantom.

I. I NTRODUCTION

It has been shown that the information in time-of-flight
(TOF) positron emission tomography (PET) emission data is
rich enough to solve the long-standing problem of activity and
attenuation cross-talk [1], [2]. The majority of algorithms that
have been developed for joint reconstruction of activity and
attenuation require an initial histogramming of the listmode
data into a sinogram. In an attempt to directly use the listmode
data in the joint reconstruction framework, Mollet et al. [3]
proposed a method that combines the listmode TOF-MLEM
reconstruction of the activity image [4], [5] with an MLTR-like
algorithm for the reconstruction of the attenuation image.

In the same spirit, we extend the previously developed
sinogram implementation of the MLAA algorithm to handle
listmode data. In reconstruction from transmission data which
are subject to Poisson noise, the backprojection of the data
is a sufficient statistic. Because of this, MLTR reconstructs
the image from the backprojection of the transmission data.
This makes it similar to ISRA [6], which was developed for
emission data and for which a listmode implementation has
been proposed [7]. Furthermore, we extend the maximum
likelihood attenuation correction factors (MLACF) algorithm
to handle listmode data. We find that although the attenuation
correction factors (ACFs) are not computed explicitly, they
are corrected for during reconstructions. The results of the
listmode transmission reconstruction algorithm are shownfor
the NEMA IEC body phantom and then the listmode joint
reconstructions are compared to the sinogram reconstructions
of the TOF-PET emission data.
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II. M ETHODS

The listmode-MLAA algorithm uses an interleaved updating
of the activity/attenuation reconstruction while keepingthe
attenuation/activity reconstruction fixed. The algorithmcan be
written as follows:
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whereµ andλ are the attenuation and activity reconstructions,
the superscript denotes the iteration number,lij is the inter-
section length of LORi and voxelj andai is the attenuation
correction factor along LORi. cij (cijt) is the sensitivity of
voxel j to LOR i (and TOF-bint), im and tm are the LOR
and TOF-bin corresponding to eventm, andȳi is the expected
non-TOF counts along LORi. Note that the range of the sums
over indexi are over all possible LORs whereas the sums over
im are over all the list mode events.

The algorithm was accelerated using ordered subsets as
well as applying multiple attenuation updates for each update
of activity. For summations involving the measurements, the
events in a subset were chosen by taking everykth event,
wherek is the number of subsets. For the summation over all
possible LORs, a set ofr LORs were sub-sampled from the
list of all possible LORs, wherer is the number of listmode
events in the emission subset. Furthermore, similar to ISRAwe
took advantage of back-projecting the measured counts once
and re-using this back-projection in (4) during the iterations.

In contrast to MLAA, the MLACF algorithm uses an inter-
leaved updating of the attenuation correction factors (ACFs)
together with the activity reconstruction. When the additive
contributions of randoms and/or scatter are ignored, MLACF
gives an immediate update of the ACFs [8]. The listmode
extension of this algorithm can be written as follows:
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where p
(n)
im

is the non-TOF projection of the activity re-
construction (and similarlypimtm is the TOF projection at
listmode event(im, tm)). Note that the listmode MLACF
algorithm does not explicitly estimate the ACF values along
all measured LORs; however, the effects of the ACFs are
corrected for during reconstructions through the estimation of
their back-projection commonly referred to as the sensitivity
image. Furthermore, the listmode MLACF reconstruction ben-
efits from using two matched back-projections compared to the
listmode MLEM and MLTR algorithms where the reconstruc-
tions involve back-projections of the measured events as well
as the back-projections of all possible LORs.

III. E XPERIMENT DESIGN

The NEMA IEC body phantom was filled with200 MBq of
18F-FDG, and scanned with the Siemens Biograph mCT for 1
hour. The emission data were acquired3 hours post-injection.
Only a subset of the TOF-PET emission data corresponding to
the first 10 minutes was used in the reconstruction. An initial
MLEM activity reconstruction with CT-based attenuation cor-
rection was obtained and used to produce a blank scan to test
the listmode transmission reconstruction algorithm. Since we
wanted to compare the results with the sinogram reconstruc-
tions, the 64-bit listmode events were mashed with the typical
sinogram mashing to give 32-bit listmode event data. Activity
and attenuation reconstructions were then obtained from the
32-bit listmode data using the listmode implementations of
MLAA and MLACF. The listmode data were subsequently
histogrammed to create the TOF-PET emission sinogram and
the listmode reconstructions were compared to the reconstruc-
tions of the sinogram implementation of MLAA and MLACF.
The TOF-PET emission sinogram consisted of 400 detectors,
168 angles, a total of 621 planes and 13 TOF-bins of 312 ps
resolution. The effective TOF resolution of the system was
580 ps. In both implementations, the additive scatter/randoms
contribution was ignored.

IV. RESULTS

Figure 2 shows the listmode MLTR attenuation reconstruc-
tions of the data, when the TOF-MLEM activity reconstruction
(shown in figure 1) was used as the known activity. The
MLTR+ attenuation reconstruction of figure 2 was regularized
by the relative difference prior [9] during reconstruction. In
our experience, little effort was needed to limit the attenuation
build-up in the background region of the image (region with
no activity present).

Figures 3 and 4 show the listmode and sinogram recon-
structions of MLAA and MLACF for the NEMA IEC body
phantom, respectively. The total MLEM counts were used to
scale the joint activity reconstructions, and as in the caseof
MLTR, for MLAA no extra measures were taken to limit
the attenuation build-up in the background region. Although
the activity and attenuation images look cross-talk free, some
differences are still observed especially close to edge of the
phantom (the region with limited TOF sampling along some
LORs). In both (listmode and sinogram) attenuation recon-
structions, some excess attenuation was put outside the support
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Fig. 1. CT-based attenuation image of the NEMA IEC phantom (top) and the
TOF-MLEM activity reconstruction (bottom) used as a blank scan which is
required for the MLTR algorithm. The activity reconstruction is post-smoothed
with a Gaussian of 3 mm FWHM.
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Fig. 2. Listmode MLTR attenuation reconstructions using the TOF-MLEM
reconstruction (Fig. 1 - bottom) as a blank scan. The reconstructions are
obtained without a smoothing prior (top) and with the relative difference
prior (bottom) to suppress the background attenuation during iterations. The
attenuation reconstructions are post-smoothed with a Gaussian of 3 mm
FWHM.

of the activity which is most likely because the scatter/randoms
were not corrected for. A visual comparison of reconstructions
of 64-bit listmode data (the results not shown here) revealed
a slight improvement in the reconstructions mostly visibleat
high gradients of the activity reconstruction. A more compre-
hensive comparison between the reconstructions is underway.

Although the attenuation correction factors cannot be explic-
itly computed with listmode data, the activity reconstructions
of the listmode and sinogram MLACF reconstructions (figures
3 and 4, respectively) are visually similar. Furthermore, in the
case of reconstructions of motion-corrected listmode events,
the computation of a time-averaged sensitivity image can
become challenging and computationally demanding. Since a
back-projection of all possible LORs does not appear in the
listmode MLACF update (eqn. (6)) as opposed to the update
of MLEM (eqn. (2)), the algorithm benefits by automatically
incorporating the time-averaged sensitivity image duringre-
construction. We intend to investigate this property in more
detail in the future.
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Fig. 3. Listmode activity and attenuation reconstructionsof MLAA (top and
center) and the MLACF activity reconstruction (bottom).
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Fig. 4. Sinogram activity and attenuation reconstructionsof MLAA (top and
center) and the MLACF activity reconstruction (bottom).

V. CONCLUSION

The MLAA and MLACF reconstruction algorithms were
originally developed for reconstructions of activity and atten-
uation images using the TOF-PET sinogram of the emission
data. In this study, we present the listmode version of these
algorithms for the case of no randoms and/or scatter contri-
bution. The listmode and sinogram reconstructions of a 10
minute NEMA scan seem visually comparable, however fur-
ther investigation is required to explain some of the differences
observed especially at the edge of the phantom. Our results
currently suggest that the typical mashing of the listmode data
required to obtain the emission sinogram does not greatly
influence the activity and attenuation reconstructions.
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