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Abstract

Purpose Recently, a new Bayesian Penalized Likelihood (BPL) Reconstruction Algorithm was introduced by GE Healthcare,
Q.Clear; it promises to provide better PET image resolution compared to the widely used Ordered Subset Expectation
Maximization (OSEM). The aim of this study is to compare the performance of these two algorithms on several types of findings,
in terms of image quality, lesion detectability, sensitivity, and specificity.

Methods Between September 6th 2017 and July 31st 2018, 663 whole body 18F-FDG PET/CT scans were performed at the
Nuclear Medicine Department of S. Martino Hospital (Belluno, Italy). Based on the availability of clinical/radiological follow-up
data, 240 scans were retrospectively reviewed. For each scan, a hypermetabolic finding was selected, reporting both for OSEM
and Q.Clear: SUVmax and SUVmean values of the finding, the liver and the background close to the finding; size of the finding;
percentage variations of SUVmax and SUVmean. Each finding was subsequently correlated with clinical and radiological
follow-up, to define its benign/malignant nature.

Results Overall, Q.Clear improved the SUV values in each scan, especially in small findings (< 10 mm), high SUVmax values (>
10), and medium/low backgrounds. Furthermore, Q.Clear amplifies the signal of hypermetabolic findings without modifying the
background signal, which leads to an increase in signal-to-noise ratio, improving overall image quality. Finally, Q.Clear did not
affect PET sensitivity or specificity, in terms of number of reported findings and characterization of their nature.

Conclusions Q.Clear is an iterative algorithm that improves significantly the quality of PET images compared to OSEM,
increasing the SUVmax of findings (in particular for small findings) and the signal-to-noise ratio. However, due to the intrinsic
characteristics of this algorithm, it will be necessary to adapt and/or modify the current interpretative criteria based of quantitative
evaluation, to avoid an overestimation of the disease burden.
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Introduction some metabolic processes involved in oncological, inflamma-
tory-infectious, and neurodegenerative pathologies.
Positron emission tomography (PET/CT) is nuclear medicine The system is able to define the bio-distribution of a

functional imaging technique that allows to evaluate in vivo  radioactive tracer, thanks to the detection of pairs of
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gamma rays generated by a positron-emitting radionuclide
(usually fluorine-18).

However, PET/CT presents some limitations, such as spa-
tial resolution, related on one hand to the physics of the 3 +
decay, on the other hand to the technologies used for the de-
tection of incident y rays [1].

Over the past years, there have been introduced many re-
construction algorithms, in order to reduce the errors and ar-
tifacts, which affect the quality of images and the accuracy and
reproducibility of the measurement of the standardized uptake
value (SUV). Currently, the Ordered Subset Expectation
Maximization (OSEM) is the most used algorithm worldwide
[2-5]. However, a new Bayesian Penalized Likelihood (BPL)
Reconstruction Algorithm was recently introduced by GE
Healthcare, named Q.Clear, which promises to provide a bet-
ter image resolution [6].

Ordered Subset Expectation Maximization

Ordered Subset Expectation Maximization (OSEM) is an accel-
erated variant of expectation maximization (EM), and nowadays,
it is the most widely used algorithm for PET image reconstruc-
tion. This algorithm is characterized by the fact that the projection
data are divided into subgroups (subsets) that are analyzed se-
quentially during each iteration. The number of subsets deter-
mines the acceleration factor. However, since the background
noise increases with the number of iterations, the OSEM algo-
rithm is prematurely stopped before the noise becomes excessive.
Finally, a post-processing image filter is subsequently applied to
further improve the quality [7-9].

In general, OSEM generates higher-quality images than
analytical algorithms; however, it has to be kept in mind that
there is a trade-off between the number of subsets and the
quality of the image: when the number of subsets is high, each
subset contains a smaller amount of tomographic and statisti-
cal information, so the noise and artifacts can increase [7].

Therefore, due to the non-uniform and object-dependent con-
vergence, the relationship between resolution and noise obtained
by prematurely stopping the algorithm is not always optimal and
it is difficult to determine the most suitable number of iterations/
subsets and parameters of the post-processing filters for a hetero-
geneous patient population.

Bayesian Penalized Likelihood Reconstruction
Algorithm

In order to achieve complete convergence of images during
their reconstruction, numerous iterations are required; howev-
er, as the number of iterations increases, the background noise
increases too. On the other hand, the accuracy and quality of
PET images is reduced because the full convergence is not
reached, as the reconstruction of the images is limited to re-
duce noise.

Recently, GE Healthcare (Milwaukee, USA) has intro-
duced a new iterative image reconstruction algorithm, a
Bayesian Penalized Likelihood (BPL) Reconstruction
Algorithm named Q.Clear.

Q.Clear takes into account all aspects of the image reconstruc-
tion process, including PSF modeling and an innovative penalty
factor. This parameter is a function given by the difference in
values between adjacent voxels and their sum; it acts as a term of
noise suppression, allowing the algorithm to achieve full conver-
gence [10-22]. This term leads to a greater uniformity in regions
with low concentration of radiopharmaceutical activity and less
uniformity in areas of higher concentration (or near the margins
of findings with higher concentration). In other words, at each
iteration, the voxels, with a smaller variation between neighbor-
ing voxels, are slightly favored compared to the noisier ones. The
SUV values obtained with the Q.Clear (called Q.SUV) are there-
fore much more accurate and images’ resolution is better than
those obtained with OSEM, thanks to its intrinsic characteristics
and to the association with Point Spread Function (PSF) model-
ing and Time of Flight (TOF).

This penalty function is controlled by a penalty factor called
{3, which is the only variable of the algorithm that can be mod-
ified by the operator. Beyond the penalty factor, the other mod-
ifiable parameter is TOF, which can be removed during image
reconstruction; however, it is not possible to modify the PSF
modeling associated with the Q.Clear (SharpIR).

The primary aim of this study was to evaluate the efficiency
and the diagnostic performance of Q.Clear compared to OSEM
on a wide range of findings, characterized by different sizes,
locations, and activity concentrations. All findings were subse-
quently correlated with clinical and radiological follow-up to
determine their benign or malignant nature.The secondary aim
was to further compare these two algorithm, modifying some
parameters (such as TOF and PSF), in order to evaluate the
impact of each parameter on the images’ rendering.

Materials and Methods

This retrospective observational study was performed accord-
ing to the declaration of Helsinki and to national regulations.
All the patients provided informed consent for participation
and anonymous publication of data. The approval of the
Ethics Committee is not required for retrospective observa-
tional studies at the hospital where the present study was con-
ducted (S. Martino Hospital, Belluno, Italy).

Between the 6th September 2017 and the 3 1st July 2018, 663
whole body PET/CT scans (both oncological and non-
oncological) were performed on 625 patients at the Nuclear
Medicine Department of the S. Martino Hospital (Belluno,
Italy). Based on the availability of clinical and radiological
follow-up data, 240 scans of 204 patients were retrospectively
reviewed. The patients’ characteristics are reported in Table 1.
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Table 1 Patients’ characteristics +  SUVmax and SUVmean values of the liver (both with
Patients 204 (3 86, 4 118) Average Range OSEM + PSF +3TOF and Q.Clear + TOF) with a standard
VOI of 35 mm’;
Age (years) 64.8 2591 * SUVmax values of the background close to the selected
BMI (kg/cm?) 26.3 14.7-38.9 finding, obtained through a circular ROI drawn around the
Glycemia (mg/ml) 103.5 52-232 finding, thanks to which it was possible to define three
Injected dose (MBq) 296 133-494 categories: (a) low background, with SUVmax back-
Uptake time (min) 59 51-100 ground < to the SUVmax of the blood pool (measured
Clinical indications on the aortic arch), (b) medium background, with
Oncological: 199 SUVmax background = to the blood pool SUVmax, (c)
Non-oncological: 5 : :
Follow-up (months) s3 " high background, with SUVmax background > to the

Clinical indications were lung cancer (67), breast cancer
(63), lymphoproliferative diseases (39), head-neck tumors
(9), sarcoma (8), colorectal cancer (5), melanoma (5), gyne-
cological cancer (3), endocarditis (2), sarcoidosis (2), and
FUO (1).

Technical Specifications of Tomograph
and Radiopharmaceutical

The tomograph is a GE Digital Ready PET/CT equipped with
3 rings of LY SO crystals (therefore equipped with TOF). The
radiopharmaceutical used was 18F-FDG. This radiotracer is
not produced on site, but comes from the cyclotron of
Castelfranco Veneto Hospital (Italy). The average activity ad-
ministered was 3.8 MBq/kg.

Image Acquisition Protocol

All scans were performed according to the European (EANM)
and national (AIMN) guidelines related to 18F-FDG studies.
Intravenous administration of approximately 3.8 MBq/kg of
18F-FDG was performed, with an average uptake time of
approximately 59 min. The CT scan features were 120 kV,
150 mA, DFOV 70 cm, Q.AC WIDEVIEW reconstruction.
The PET protocols were diversified according to BMI,
adapting the Z-axis filter and the acquisition time per bed
(1.30-3.30 min). The 3 value was 350 for each scan, while
OSEM protocol was set to 4 iterations/16 subsets.

Image Analysis and Validation Criteria

For each scan, a hypermetabolic finding was selected, for a
total of 240 findings. In order to analyze every possible sce-
nario, in each scan, the choice of the finding has been modi-
fied, in terms of type, location, size, and uptake. For each scan,
the following were reported:

*  SUVmax and SUVmean values of the finding (both with
OSEM + PSF + TOF and Q.Clear + TOF);
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blood pool SUVmax;
 the size of the finding, defining three categories: < 10 mm,
> 10 mm, and >20 mm.

Then, for each finding and for the liver, the percentage
variations of SUVmax and SUVmean between OSEM +
PSF + TOF and Q.Clear + TOF were calculated.

Each finding was subsequently correlated with clinical and
radiological follow-up, to define its benign or malignant
nature.

Furthermore, 15 out of 240 scans were consecutively se-
lected, on which other reconstructions were carried out,
specifically:

*  OSEM + PSF without TOF;

*  OSEM + TOF without PSF;

e OSEM without TOF and without PSF;

*  Q.Clear without TOF (it is not possible to exclude the
PSF).

On these subgroups, the percentage variations of SUVmax
and SUVmean of the findings and the liver were analyzed, in
order to evaluate the effect of TOF and PSF on the qualitative
output of the images for both algorithms.

Finally, each scan was visually evaluated with both recon-
structions (OSEM + PSF + TOF and Q.Clear + TOF), in order
to highlight any differences in the number of hypermetabolic
findings. A Nuclear Medical Physician with a 4-year experi-
ence reviewed all scans.

Statistics
The results were analyzed using the Sign test, the Wilcoxon

test, and the Kolmogorov-Smirnov test, considering p values
< 0.05 as statistically significant.

Results

The general characteristics of the findings are summarized
in Table 2.
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Table 2 General characteristics ]
of the findings Number Size (mm)
Lymph nodes 91 32<10,45>10, 14>20
Pulmonary nodules 46 15<10, 11>10,20>20
Hepatic findings 20 6<10,6>10,8>20
Bone findings 23 5<10,12>10,6>20
Soft tissue 11 3<10,5>10,3>20
Others (brain, colon, heart, esophagus, 49 17<10,20>10,12>20

spleen, retroperitoneal fibrosis, pleura,
muscle, kidney, adrenal, stomach, thyroid,

testicles, uterus, vessels)

Of these, 89 findings presented low background values,
121 medium background, 20 high background; the average
values of SUVmax were Q.Clear 11.2 (range: 1.7-43.1) and
OSEM 8.9 (range: 1.5-36.8).

The main results obtained from the analysis of the images
with the two reconstruction algorithms are reported in Table 3.

The average percentage variations of SUVmax and
SUVmean of all the findings were, respectively, 18.8 and
19.6, with a significant gain in terms of SUV thanks to
Q.Clear. Looking at the results reported in Table 3,
Q.Clear is clearly more efficient than OSEM + PSF +
TOF in all the subgroups to determine SUVmax and
SUVmean values (p <0.001).

It is also possible to observe an average percentage varia-
tion of SUVmax and SUVmean higher for findings <10 mm
(»p<0.001) and > 10 mm (p < 0.01), while there are no statis-
tically significant differences (»p > 0.1) for findings >20 mm
(see Graph la—c).

As for the background, compared to OSEM, Q.Clear + TOF
showed a statistically significant SUV variation in those findings
with medium (e.g., mediastinal lymph nodes, p < 0.005) and low
backgrounds (p < 0.05), while there were not significant differ-
ences for those with high background (e.g., a lesion localized in
the liver parenchyma, p > 0.1). Furthermore, the mean percent-
age variations of SUVmax and SUVmean of the liver relative to
all the scans examined are, respectively, —0.1 and 0.2, therefore
not significant (p > 0.1).

The correlation between findings and clinical and radiolog-
ical follow-up data did not show a significant difference be-
tween OSEM + PSF + TOF and Q.Clear + TOF in the deter-
mination of the benign or malignant nature of the finding
itself. Furthermore, Q.Clear + TOF did not increase the num-
ber of findings, which are quantitatively comparable to those
reported with OSEM + PSF + TOF reconstruction.

The general characteristics of the 15 findings, on which
further reconstructions were carried out (OSEM = PSF +
TOF and Q.Clear-TOF), were as follows:

* 3 pulmonary nodules, 6 lymph nodes, 2 bones, 2 soft
tissues, 1 breast, and 1 thyroid;

e 5>20mm, 6> 10 mm, and 4 <10 mm;
* Q. Clear SUVmax: 8.6 (range: 4.7-14), OSEM SUVmax:
7 (range: 4.3-10.4).

The statistical analysis of these image reconstruction pro-
tocols showed a greater impact of TOF on SUV values com-
pared to PSF (p <0.0003). However, the PSF showed a sig-
nificant impact too, even though lower than TOF (p < 0.002).

Discussion

Currently, the Ordered Subset Expectation Maximization
(OSEM) is the most used algorithm worldwide in PET image
reconstruction. However, a new Bayesian Penalized
Likelihood (BPL) Reconstruction Algorithm was recently in-
troduced by GE Healthcare, named Q.Clear, which promises
to provide a better image resolution.

In literature, some phantom and clinical studies have been
already conducted in order to evaluate the performance of
Q.Clear compared to OSEM [10-24]. In regard to phantom
studies, Reynés-Llompart G. et al. showed that as the 3 in-
creases, the ability to quantify the signal (measured as contrast
recovery) increases, while the noise is reduced, leading to an
overall increase in detectability of the findings (in terms of
signal-to-noise ratio). Both these parameters improve with
the increase of 3 up to a plateau (above 500 and below
150). In general, the optimal values of 3 reported are between
300 and 400, based on the signal-to-noise ratio, the size of the
finding, and the acquisition time.

Teoh EJ et al. analyzed the diagnostic performance of these
two algorithms on small pulmonary nodules; mediastinal
lymph nodes in non-small cell lung cancer (NSCLC); hepatic
metastases from colorectal cancer. In all three cases, Q.Clear
demonstrated an increase in the signal-to-noise and signal-to-
background ratio compared to reconstruction obtained with
OSEM. Moreover, Q.Clear provided a more accurate report
on the metabolic activity of the findings. However, it did not
significantly increase the accuracy in the differential diagnosis
between benign and malignant lesions.

@ Springer



220

Nucl Med Mol Imaging (2019) 53:216-222

Table 3 Main results of the

comparison between OSEM and Number  Average Var % Standard Average Var % Standard P values
Q.Clear algorithms SUVmax deviation SUVmean deviation
Total 240 18.8 12.7 19.6 14.1 p<0.001
findings
Size
<10 mm 60 252 14.8 255 18.2 p<0.001
>10mm 91 20.2 11.9 222 12.8 p<0.01
>20mm 89 12.9 9 12.9 8.8 p<0.1
Background
Low 89 18.3 124 19,4 12,7 p<0.05
Medium 121 212 12.8 21.8 152 p<0.005
High 30 10.6 9 11.2 10.3 p>0.1
SUVmax
<5 37 11.5 8.6 8.5 10.4 p<0.001
>5 96 17.3 11.2 123 19.3 p<0.001
>10 107 22.6 13.8 23.6 14.8 p<0.001

Since a high BMI corresponds to an increase in noise, with a
consequent reduction in image quality, Chilcott AK et al. ana-
lyzed the efficiency of Q.Clear over a wide range of patients’
weights. Their study showed that the liver’s signal-to-noise ratio
improved significantly with Q.Clear compared to OSEM.
Furthermore, it demonstrated that the quadratic dose of the radio-
pharmaceutical based on weight (commonly used in patients
with high BMI) is no longer necessary with Q.Clear. Similar
results were obtained by Ahn S. et al. and Vallot D. et al.

Howard BA et al. evaluated the efficiency of Q.Clear on a
cohort of 29 patients with pulmonary nodules smaller than
8 mm. In this small population, Q.Clear demonstrated a sig-
nificant increase in SUVmax and lesion detectability, but only
with low values of penalty factor (3 recommended: 150). In
this regard, it is important to remember that, in order to obtain
an optimal image quality with Q.Clear, it is necessary to pay
attention on the type of radiopharmaceutical used, as well as
on the anatomical region under examination. For example,
Reynés-Llompart G. et al. reported an optimal 3 value be-
tween 300 and 400 for whole-body scan and between 150
and 250 for the cerebral acquisitions with 18F-FDG. Rowley
LM et al. reported that the optimal 3 value is 4000 for the
acquisitions obtained with 90Y, while Ter Voert EEGW et al.
demonstrated that for 68Ga-PSMA, the optimal {3 values are
between 400 and 550. Finally, Teoh EJ et al. analyzed the
scans of 15 patients studied with 18F-Fluciclovine
(FACBC), suggesting an optimal 3 value of 300 for this
radiotracer.

Despite the limitations of this study, mainly related to the
great variability of the selected findings and enrolled patients
(corresponding to a physiological biodistribution diversity of
the radiotracer), it was possible to make some important con-
siderations. The results of this study confirmed the data avail-
able in literature. In particular, Q.Clear proved to increase the
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SUV values, especially for small findings (< 10 mm) and high
SUVmax values (>10) in scans reconstructed with TOF.
Regarding the relationship between the finding and its back-
ground, Q.Clear appeared more efficient in findings with me-
dium and low backgrounds (such as mediastinal lymph nodes
and pulmonary nodules). The lack of significance in the mean
percentage variation of SUVmax and SUVmean of the liver
showed that Q.Clear amplifies the signal of hypermetabolic
findings without modifying the background signal. This leads
to an increase in the signal-to-noise ratio, improving overall
image quality. Furthermore, according to the literature data,
Q.Clear did not increase PET sensitivity or specificity, in
terms of number of reported findings and the characterization
of their nature.

However, the increase in SUVmax/SUVmean and in
signal-to-noise ratio, obtained thanks to Q.Clear, opens up a
relevant matter. To date, in some pathologies, visual assess-
ment criteria are implemented in order to categorize the
malignant/benign nature of a finding and to quantify the re-
sponse to therapy. For example, the Deauville Five-point scale
visually compares the uptake of lymphomas’ lesions with
those of the mediastinum and liver, in order to assess response
to therapy [25, 26]. Since Q.Clear increases the SUVmax of
the hypermetabolic findings, without significantly affecting
the background values (which leads to a higher signal-to-
noise ratio, as already reported in several studies), it is possible
that these interpretation criteria could no longer be used with
this reconstruction algorithm, as they could overestimate the
overall tumor burden.

Therefore, it is essential to

* conduct further studies to investigate the impact of
Q.Clear on current interpretation criteria and eventually
adapt those criteria, to correctly characterize the findings;
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Graph 1 a SUVmax variation based on the size of the findings, < 10 mm.
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+ always specify in the final report the type of recon-
struction algorithm used, in order to allow a correct
comparison between exams conducted in different
Nuclear Medicine Departments.

Conclusion

In conclusion, Q.Clear is an algorithm that improves the qual-
ity of PET images compared to OSEM, increasing the
SUVmax of findings (in particular for small findings) and
improving the signal-to-noise ratio, without affecting PET
sensitivity and the specificity. However, due to the intrinsic
characteristics of this algorithm, further studies are needed to
investigate the impact of Q.Clear on current interpretation
criteria and eventually adapt and/or modify those criteria, in
order to avoid an overestimation of the disease burden.
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