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Methods for joint activity reconstruction and attenuation reconstruc-
tion of time-of-flight (TOF) PET data provide an effective solution to

attenuation correction when no (or incomplete or inaccurate) infor-

mation on attenuation is available. One of the main barriers limiting

use of these methods in clinical practice is their lack of validation in a
relatively large patient database. In this contribution, we aim to

validate reconstruction performed with maximum-likelihood activity

reconstruction and attenuation registration (MLRR) in a whole-body
patient dataset. Furthermore, a partial validation (because the scale

problem of the algorithm is avoided for now) of reconstruction per-

formed with maximum-likelihood activity and attenuation (MLAA) is

also provided. We present a quantitative comparison between these
2 methods of joint reconstruction and the current clinical gold stan-

dard, maximum-likelihood expectation maximization (MLEM) with

CT-based attenuation correction. Methods: The whole-body TOF

PET emission data of each patient dataset were processed as a
whole to reconstruct an activity volume covering all the acquired

bed positions, helping reduce the problem of a scale per bed posi-

tion in MLAA to a global scale for the entire activity volume. Three

reconstruction algorithms were used: MLEM, MLRR, and MLAA. A
maximum-likelihood scaling of the single-scatter simulation esti-

mate to the emission data was used for scatter correction. The re-

construction results for various regions of interest were then
analyzed. Results: The joint reconstructions of the whole-body pa-

tient dataset provided better quantification than the gold standard in

cases of PET and CT misalignment caused by patient or organ

motion. Our quantitative analysis showed a difference of −4.2% ±
2.3% between MLRR and MLEM and a difference of −7.5% ± 4.6%

between MLAA and MLEM, averaged over all regions of interest.

Conclusion: Joint reconstruction of activity and attenuation pro-

vides a useful means to estimate tracer distribution when CT-
based-attenuation images are subject to misalignment or are not

available. With an accurate estimate of the scatter contribution in

the emission measurements, the joint reconstructions of TOF PET
data are within clinically acceptable accuracy.
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Because time-of-flight (TOF) PET data have been shown to
provide information about the medium attenuating the emission

data (1), several algorithms have been developed to exploit the

added information available with TOF. Most newly developed

methods have aimed at jointly reconstructing an activity image

and an attenuation image from the TOF PET emission data (2–4).

Furthermore, several methods have been proposed that avoid re-

construction of the attenuating medium and instead estimate the

attenuation correction values, which more directly influence the

TOF emission measurements (5–7). However, in event-based re-

construction methods that avoid the need for a sinogram (e.g.,

origin ensembles, list-mode reconstruction algorithms), the atten-

uation correction values cannot be estimated but their backprojec-

tion can (also commonly referred to as the sensitivity image) (8,9).
The attenuation information available in TOF emission data does

not allow quantitative assessment of the reconstructed distribution

of activity, because the TOF data determine the activity distribution

only up to a constant scale. This limitation may be the main reason

joint-reconstruction methods have not yet been clinically intro-

duced. Recently, methods have been proposed that take advantage

of the CT images commonly available in state-of-the-art TOF PET/

CT scanners (10–12). Whereas the method proposed by Panin et al.

(10) aims at completing the sinogram of the attenuation correction

factors for planes for which no CT measurements are available,

other methods aim at deforming the CT-based attenuation image

to correct for any possible mismatch between the CT and PET

acquisitions (11,12). Use of the energy-adjusted CT images in the

joint-reconstruction framework automatically overcomes the scale

problem. In addition to these methods using the added information

from the CT image, other scale correction techniques for joint re-

construction of activity and attenuation can be found in the litera-

ture. These include methods using tissue-prior maps to optimize

initialization of the joint-reconstruction algorithm (13), methods

using an intensity prior for the expected values of the tissues being

reconstructed (4,14), methods that attempt to solve the problem by

adding transmission sources to the scanner (15,16) or by using the

lutetium background radiation source as the transmission source

(17), and methods that ambitiously try to determine the scale from

the scattered events in the emission data (18).
Another factor limiting the clinical use of joint-reconstruction is

the lack of comprehensive validation of these methods in a large
patient database. Although studies have been performed on sev-
eral patient datasets, these studies have been restricted mainly to
3-dimensional simulations, oftentimes even ignoring some data cor-
rections that are routine in clinical practice (e.g., corrections for
scatter and random events). In one initial study (19), after the scale
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problem had been taken into account, the results of the joint-
reconstruction method were similar to the gold standard without the
effects of motion. Three other studies (20–22) have found that joint-
reconstruction methods outperformed methods using an MR-based
scheme for attenuation correction of the TOF PET emission data.
The studies demonstrated that the joint-reconstruction methods
could remove MR-related artifacts that otherwise would propagate
into the emission reconstruction. In a fourth, retrospective, study
(23), a joint-reconstruction method was analyzed in a relatively
larger dataset of cardiac patients. As expected, the proposed method
could remove the possible PET/CT mismatch. The study also
showed that the CT mismatch affected the scatter estimate, which
in turn affected the final reconstruction. However, another study
(24) found that in a collection of 18F-FDG brain scans, activity in
the reconstructed activity images was more biased with the joint-
reconstruction method than with an atlas-based correction of atten-
uation. Finally, there was a study (25) in which the accuracy of
another joint-reconstruction method—maximum-likelihood attenu-
ation correction factors—was analyzed on a set of patient brain
scans. The authors reported that the joint reconstruction was com-
parable to the gold standard once a plane-dependent scaling of the
activity had been applied.
In this study, we performed a quantitative analysis of a set of

whole-body patient images obtained using 2 joint-reconstruction
algorithms in comparison with the current clinical gold standard,
MLEM with attenuation correction using a CT image adjusted to
the 511-keV photon energy of PET.

MATERIALS AND METHODS

Data Acquisition and Processing

In total, 23 whole-body 18F-FDG patient scans were acquired on the

Siemens Biograph mCT scanner (26) at the New York University
Medical Center. The local institutional review board approved this

study, and informed consent was obtained from all subjects. On aver-
age, each patient was injected with 550 MBq of the 18F-FDG tracer

and scanned an hour after injection. The emission data were acquired
at 5–8 different bed positions, each scanned for 120 s. The data were

collected in 5-dimensional sinograms consisting of 400 radial bins of

2.005-mm width, 168 azimuth angles over 180�, a combined 621 planes
of 2.027-mm width for the direct and oblique (segments 61, 62,. . .)
planes, and 13 TOF bins of 312-ps width. The e7tools provided by
Siemens were used to process the raw data and to generate the expected

scatter and randoms contribution of the emission measurements inde-
pendently for each bed position. Because the joint-reconstruction

methods estimate more parameters than the standard MLEM algorithm,

they tend to respond differently to data inconsistencies (supplemental
material of Rezaei et al. (27)). This difference can lead to an underes-

timation of joint-reconstruction performance compared with gold-standard
performance. Hence, as proposed by Rezaei et al. (27), a plane-

dependent maximum-likelihood scaling of the single-scatter simulation
(28) estimate was obtained from the emission data. This maximum-

likelihood scaling of the single-scatter simulation estimate was used
for scatter correction during reconstructions.

Reconstructions

The entire scanned part of the patient body was reconstructed into
a single volume, using the TOF PET emission data from all bed

positions simultaneously. The in-house projector still worked on a
bed-by-bed basis, but the projections and backprojections were

computed using a single whole-body volume. Before reconstruction,

the data were mashed in the radial direction with a mashing factor of
2, and the activity and attenuation images were reconstructed into a

200 · 200 pixel grid of 4.0724-mm width transaxially and up to 543
planes of 2.007-mm width axially. The TOF resolution of the scanner

was modeled as a gaussian that, after convolution with a top-hat
binning window of 312 ps, gave an effective resolution of 580 ps in

full width at half maximum.
Three algorithms were used to reconstruct the tracer distribution:

MLEM; maximum-likelihood activity reconstruction and attenuation
registration (MLRR) (11), which aims to reconstruct an activity image

while deforming an available CT-based attenuation image such that
the pair of images best fit the measurements; and maximum-likelihood

activity and attenuation (MLAA) (3), which reconstructs an activity im-

age together with an attenuation image directly from the emission data.
The MLEM reconstructions were performed after 3 iterations and

24 subsets. The MLRR reconstructions were performed with the same
iteration scheme, and in each of these 72 subiterations the activity was

updated once and the attenuation 3 times. A uniform-activity image
inside the field of view was used to initialize the algorithm together

with the zero-vector displacement field. The displacement field was
updated only inside the patient support, was computed from the CT-

based attenuation image, and was regularized by a fluidlike and diffusion-
like regularization of the displacement field.

In the case of MLAA, the activity and attenuation reconstructions
were performed after 5 iterations of 24 subsets, with the attenuation

image being updated 3 times for each update of the activity re-
construction. The algorithm was initialized with uniform activity in

the field of view and uniform tissue attenuation (0.095 cm21) in the
patient support. To eliminate any confounding effects of the scale

factor in the reconstructions, the scale problem in MLAA was fixed

by imposing the total activity of the MLEM
reconstruction. The total activity of MLEM

was computed within a volume inside the pa-
tient support, excluding regions that could be

affected by patient motion, such as from the
lungs and their neighboring regions, and the

same volume was used to scale the MLAA
image during iterations. A thresholding of the

CT-based attenuation image was used to ex-
tract the patient lungs, followed by a morpho-

logic dilation (with an elliptic neighborhood

kernel of 2- and 3-cm radius in the transaxial
and axial directions, respectively) of the mask

to limit the influence of motion-affected
regions.

Because the convergence of MLRR,
MLAA, and MLEM may differ, standard

activity images were produced by standard
FIGURE 1. Mean differences in bladder-region activity between MLRR and MLEM and between

MLAA and MLEM. Bladder-to-liver ratios of our patient database are given in Supplemental Figure 1.
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MLEM reconstructions (3 iterations of 24 subsets) using the MLRR

and MLAA attenuation estimates. Here, we refer to these images as
MLAA or MLRR activity reconstructions, although they actually are

MLEM reconstructions obtained with the MLAA or MLRR attenu-
ation map. In all cases, the final activity reconstruction was smoothed

with a gaussian of 6 mm in full width at half maximum.

Image Analysis

The activity reconstructions were compared and evaluated in
various regions of interest (ROIs). A separate mask was generated

by segmenting the bladder, liver, heart, a lumbar vertebra, and some

tumors or inflammatory lesions with high local uptake. These organ
masks were generated by thresholding the MLAA reconstructed

activity image. The CT-based attenuation image was also used for
segmentation of the spinal region, providing an initial mask for

delineation of the lumbar vertebrae. The bladder and lumbar vertebra
regions were chosen to show the behavior of the algorithms in regions

where no patient motion was expected. The

liver region was chosen because its activity is
typically used as a reference, and the dome of

the liver occasionally suffers from attenuation
correction errors due to breathing-induced

mismatches between PET and CT. The heart
region and the regions of the tumors and

inflammatory lesions are the clinically rele-
vant regions in patient studies, which are

typically subject to in-scan patient motion.
In our comparative analysis, the mean

difference between 2 activity reconstructions,
X and Y, being compared was computed in all

segmented regions of interest as follows:

diff ðX;YÞ 5
+

j2ROI
Yj 2 +

j2ROI
Xj

+
j2ROI

Xj
; Eq. 1

where X is considered the reference method. Mean 6 SD is reported.

When differences between multiple regions or patients are combined,
mean 6 SD is reported for the absolute value of the region differences

or patient differences.

RESULTS

Figures 1 and 2 show the mean differences in activity be-
tween MLRR and MLEM and between MLAA and MLEM for
the bladder and segmented vertebra regions, respectively. On av-
erage, MLRR and MLAA resulted in a relative difference of 23.6%
6 1.7% and28.1%6 7.0%, respectively, for the bladder region. For
the segmented vertebra region, the average difference was 22.4% 6
1.8% and 28.7% 6 4.4% for MLRR and MLAA, respectively.
To gain more insight into the differences observed for MLAA, a

new set of MLAA activity images was reconstructed. This time,
the MLAA attenuation image was initial-
ized with the deformed CT-based attenua-
tion image of MLRR, and the MLAA
activity image was initialized with the
corresponding MLEM activity image (i.e.,
MLEM of 3 iterations and 24 subsets using
the deformed CT-based attenuation image).
The mean difference between this new set
of MLAA images and the MLEM images,
and between this new set of MLAA images
and the original MLAA images, was
28.5% 6 7.0% and 20.1% 6 1.1%, re-
spectively, for the bladder region. Similar
results were obtained for the vertebra region,
with a difference of 27.6% 6 5.4% and
1.3% 6 1.1%, respectively. Furthermore,
the likelihood was computed by forward
projection of the reconstructions obtained
with the CT-based, MLRR-based, and
MLAA-based attenuation images. We found
the likelihood of MLAA to be, on average,
2.7% higher than that of MLRR, which in
turn was 4.2% higher than that of MLEM.
This finding suggests that the observed dif-
ferences were not related to the convergence
of MLAA reconstructions. We believe that

FIGURE 3. Activity (top) and attenuation (bottom) obtained using MLEM, MLRR, and MLAA for

patient dataset in which CT and PET data were acquired at different phases of breathing cycle.

(Reprinted with permission of (30).)

FIGURE 2. Mean differences in segmented vertebra-region activity between MLRR and MLEM

and between MLAA and MLEM. Vertebra-to-liver ratios of our patient database are given in

Supplemental Figure 1.

1632 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 59 • No. 10 • October 2018



this increase in likelihood was due to data inconsistencies (e.g., the
attenuation image or the scanner calibrations), which are better
accounted for in MLAA than in MLRR and better accounted for
in MLRR than in MLEM. The segmented bladder–to–liver contrast,
as well as the average contrast of the segmented vertebra region to
the liver, can be found in the supplemental materials (available at
http://jnm.snmjournals.org).
In standard practice, a volume of interest well within the liver

region is segmented to quantify the activity concentration in the
liver. However, the CT data are often acquired and recon-
structed in a breathing phase that differs from the average
breathing pose of the PET scan, a factor that can result in
significant artifacts in activity reconstructions of the PET
emission data. Figure 3 shows such a case in which the CT and
PET data were acquired at different phases of the breathing cycle.
Whereas MLEM was greatly affected by the between-scan mis-
match, MLAA provided accurate values in the motion-affected
area. Despite such extensive internal motion, MLRR was also able
to produce a motion-corrected reconstruction using a deformed
CT attenuation image.

An initial naı̈ve seg-
mentation of the liver

region (which included most of the liver
and therefore possible motion-affected areas)
was used to compare the activity recon-
structions, showing a difference of 2.0% 6
18.5% between MLRR and MLEM and
0.4% 6 32.0% between MLAA and MLEM.
Further improving the segmented liver re-
gion by avoiding the superior parts of the
liver, which could be affected by motion,
we found an average difference of22.8%6
2.1% between MLRR and MLEM over the
entire patient database. For MLAA, the av-
erage difference from MLEM was 27.9%
6 5.9%. A bar plot of the quantification
results for the segmented liver region is
shown in Figure 4.
For the segmented heart region in 5

patient reconstructions (22%) with myo-
cardial 18F-FDG uptake, the average relative differences between
MLRR and MLEM and between MLAA and MLEM were 27.0%
6 3.1% and 22.7% 6 3.3%, respectively (Fig. 5).
In total, 58 lesions with high local uptake were segmented,

including tumors of various organs and inflammatory lesions. Only
15 (65%) of the 23 patient scans were used for this part of the study,
because there were no such lesions in the other 8 scans. Also, a
maximum of 5 lesions was selected for each patient. Whenever
possible, lesions were selected from different organs and larger
lesions were preferred to avoid problems related to partial volume
effect. The average difference between MLRR and MLEM and
between MLAA and MLEM was 25.3% 6 3.2% and 27.9% 6
5.4%, respectively. The quantification results for the tumors and
inflammatory lesions are shown in Figure 6, and a histogram of
the ratio of these high-activity lesions to liver activity can be found
in the supplemental materials.
On the basis of their location, the segmented lesions were

manually classified as being either more likely or less likely to be
affected by motion. Lesions in the mediastinum, or within or near
the lungs, were regarded as motion-affected lesion. Table 1 reports
the results for these 2 classes of lesion, as well as the overall
differences in all segmented regions.

FIGURE 5. Mean differences in

heart-region activity between MLRR

and MLEM and between MLAA and

MLEM.

FIGURE 4. Mean differences in segmented liver-region activity (avoiding superior parts of liver,

which are expected to be affected by motion) between MLRR and MLEM and between MLAA

and MLEM.

FIGURE 6. Mean absolute differences in activity of segmented high-local-activity lesions

between MLRR and MLEM and between MLAA and MLEM. Histogram of high-activity

lesions classified on the basis of their tumor-to-liver ratios is provided in Supplemental

Figure 2.
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DISCUSSION

In this study, we tried to validate joint reconstruction of activity
and attenuation using the MLRR and MLAA algorithms against
the current clinical gold standard, activity reconstruction using
MLEM. To ensure that the reconstructions would be compared at a
similar convergence level, standard activity images were gener-
ated following the attenuation estimation of the joint-reconstruc-
tion methods. Although a slightly different noise structure was
observed between the final MLAA activity reconstruction and the
standard activity reconstruction, the difference was minimal in
ROI-based quantifications. Therefore, in clinical practice this
additional reconstruction would not be necessary. We found that
in the case of a CT and PET mismatch, the attenuation values that
were computed from the adjusted CT image could directly (and
also possibly indirectly through the scatter shape) influence the
quantification results.
In the bladder and lumbar vertebra results (regions not expected

to be affected by motion), MLRR was quantitatively comparable
to the gold standard. However, some discrepancies from the gold
standard were observed for the MLAA activity distributions.
Hence, MLAA was repeated with MLRR-based initialization to
verify whether differences between MLAA and MLEM (or
between MLAA and MLRR) could be due to convergence differ-
ences between the algorithms. We found that MLAA iterates
away from the initial MLRR-based attenuation images and in all
cases achieves a higher likelihood. We believe this issue to be
fundamental because it shows that MLAA manages to find a
solution better explaining the data (higher likelihood) that are
outside the solution set available to MLEM and MLRR. We
previously reported that when there are inconsistencies in data
corrections, MLAA and MLEM converge to different solutions
(27). Hence, the differences observed between the reconstruction
methods hint at residual data inconsistencies that are making them
converge to slightly different solutions.
MLRR and MLAA produced a very different attenuation

correction near the dome of the liver, a finding that, based on
visual analysis, was attributed to mismatches due to respiratory
motion. When only the lower part of the liver was compared,
agreement was, as expected, much better among all the algo-
rithms, because attenuation of the lower part of the liver is much
less affected by respiration. To quantify the indirect influence of
the PET and CT mismatch through the estimated shape of the
scatter as reported by Presotto et al. (23), we repeated all recon-
structions with the MLRR-based scatter estimate. However, the
effect on our comparative analysis was only marginal (data not
shown).
The MLRR and MLAA results for the segmented heart region

contrasted slightly with the other regions of interest. We believe
this discrepancy can be explained in part by the inconsistencies in

the emission data due to in-scan respiratory and cardiac motion
(29). Although MLAA is free to assign and adjust the attenuation
values of motion-affected regions, MLRR does not have this free-
dom and can manipulate only tissue boundaries. This consideration
may also explain the higher differences in MLRR observed between
the motion-affected and non–motion-affected inflammatory lesions
of Table 1.
Our study focused on quantifying the similarities and differ-

ences between MLRR and the gold standard and between MLAA
and the gold standard in the various regions of interest. Figure 7
shows the averages for these ROI-based differences. To avoid
problems related to the scale in MLAA, the total activity of
MLEM (in a reliable tissue region) was used to scale the MLAA
activity reconstruction. In clinical practice, this step would not be
possible if no CT image were available. Several methods have
been proposed to determine the scale factor (10–18). The most
practical way of obtaining quantitative MLAA reconstructions
clinically would be a method that either limits the reconstructed
attenuation values to predefined tissue attenuation values or en-
courages such a limitation (4). MLRR, however, does not have the
scale problem. When the CT-based attenuation image is available,
MLRR provides a better alternative to MLEM in regions expected
to be affected by motion and is otherwise similar to MLEM. This
is also somewhat reflected in Figure 7, which shows larger differ-
ences in the heart region, an area subject to between-scan and in-
scan motion. Compared with MLRR, the differences between
MLAA and MLEM were larger. We believe these differences were
caused by data inconsistencies. These can be reduced by more
accurately calibrating the scanner (crystal or geometric sensitivities,

TABLE 1
Differences Between MLRR and MLEM and Between MLAA and MLEM for Tumors and Inflammatory

Lesions with High Local Uptake

Classification MLRR – MLEM (%) MLAA – MLEM (%)

All (n 5 58) −5.3 ± 3.2 −7.9 ± 5.4

Non–motion-affected (n 5 35) −4.4 ± 2.9 −9.3 ± 6.0

Motion-affected (n 5 23) −6.6 ± 3.3 −5.7 ± 3.4

FIGURE 7. Mean differences in activity of all ROIs between MLRR and

MLEM and between MLAA and MLEM.
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TOF resolutions or offsets), and in our ongoing work we have
observed that doing so indeed reduces the differences between
MLAA and MLEM activity reconstructions. Therefore, we postu-
late that the differences observed in our study were due mostly to
residual inconsistencies caused by inaccuracies in the corrections
applied during reconstruction.

CONCLUSION

To validate 2 methods (MLRR and MLAA) of joint activity
reconstruction and attenuation reconstruction of TOF PET emis-
sion data, we quantitatively analyzed whole-body patient scans
reconstructed using these methods and compared them with the
current clinical gold standard (MLEM). We found that in the
presence of patient motion—and provided that an accurate esti-
mate of scatter was available—the tracer distribution was more
accurately reflected by the joint reconstructions than by the gold
standard. In regions not affected by motion, differences between
MLRR and MLEM were small (typically ,5%). Differences be-
tween MLAA and MLEM were larger, exceeding 10% in several
cases. We believe that these differences were at least partly caused
by data inconsistencies, and it is therefore not yet clear which of
these joint-reconstruction methods is the more accurate one. The
problem of obtaining an accurate scale for the joint reconstruction
is eliminated in the case of MLRR when CT-based attenuation
information is available.
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