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Abstract

Introduction: Q.Clear is a Bayesian penalised likelihood (BPL) reconstruction algorithm available on General Electric
(GE) Positron Emission Tomography (PET)-Computed Tomography (CT) and PET-Magnetic Resonance (MR) scanners.
This algorithm is regulated by a 3 value which acts as a noise penalisation factor and yields improvements in signal

to noise ratio (SNR) in clinical scans, and in contrast recovery and spatial resolution in phantom studies. However, its
performance in human brain imaging studies remains to be evaluated in depth. This pilot study aims to investigate
the impact of Q.Clear reconstruction methods using different 3 value versus ordered subset expectation maximization
(OSEM) on brain kinetic modelling analysis of low count brain images acquired in the PET-MR.

Methods: Six [''CIPHNO PET-MR brain datasets were reconstructed with Q.Clear with 31001000 (in increments of
100) and OSEM. The binding potential relative to non-displaceable volume (BP,;) were obtained for the Substantia
Nigra (SN), Striatum (St), Globus Pallidus (GP), Thalamus (Th), Caudate (Cd) and Putamen (Pt), using the MIAKAT™ soft-
ware. Intraclass correlation coefficients (ICC), repeatability coefficients (RC), coefficients of variation (CV) and bias from
Bland—Altman plots were reported. Statistical analysis was conducted using a 2-way ANOVA model with correction for
multiple comparisons.

Results: When comparing a standard OSEM reconstruction of 6 iterations/16 subsets and 5 mm filter with Q.Clear
with different 8 values under low counts, the bias and RC were lower for Q.Clear with $100 for the SN (RC=2.17), Th
(RC=0.08) and GP (RC=0.22) and with 5200 for the St (RC=0.14), Cd (RC=0.18)and Pt (RC=0.10). The p-values in
the 2-way ANOVA model corroborate these findings. ICC values obtained for Th, St, GP, Pt and Cd demonstrate good
reliability (0.87,0.99, 0.96, 0.99 and 0.96, respectively). For the SN, ICC values demonstrate poor reliability (0.43).

Conclusion: BP,, results obtained from quantitative low count brain PET studies using [''CIPHNO and reconstructed
with Q.Clear with 8 <400, which is the value used for clinical "8 FIFDG whole-body studies, demonstrate the lowest
bias versus the typical iterative reconstruction method OSEM.
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reconstruction method in dynamic quantitative brain
PET imaging research due its linearity, robustness and
reliable results however Ordered Subset Expectation
Maximisation (OSEM) is often used for semi-quantitative
clinical whole-body and brain imaging due to its ability to
provide better image quality [1]. FBP is not available in
recently developed scanners, including the General Elec-
tric (GE) Signa PET- Magnetic Resonance (MR) scan-
ners and therefore other alternatives have been devised.
Current reconstruction algorithms such as OSEM and
Block Sequential Regularised Expectation Maximisation
(BSREM) are considered iterative reconstruction algo-
rithms and can be used in images acquired in PET-Com-
puted Tomography (CT) and in PET-MR scanners [2].
Previous studies [3-5] conducted in PET-CT scanners
have demonstrated that OSEM presents better image
quality and signal to noise ratio than FBP, therefore mak-
ing it a suitable alternative to be used in clinical brain
studies acquired in the PET-MR scanner. The suitability
of BSREM algorithms in this setting has however not
been extensively explored. Moreover, it has been shown
that results obtained from OSEM reconstructions are
biased in low statistics and it is unclear if BSREM algo-
rithms perform in the same way [1].

The BSREM algorithm is a Bayesian penalised likeli-
hood (BPL) reconstruction algorithm that uses prior
knowledge as a penalty term in the iterative process.
The f5 value (editable parameter in the algorithm) regu-
lates the strength of the penalty term, acting as a noise
penalisation factor and improves the Signal to Noise ratio
(SNR). GE Healthcare has released the BSREM penalised
likelihood reconstruction algorithm with the denomina-
tion of Q.Clear [6, 7]. PET images can be analysed with
qualitative methods, which are based on visual assess-
ments, and semi-quantitative or quantitative methods,
such as standard uptake values or volumetric measure-
ments, respectively [8]. The literature regarding the use
of Q.Clear as a reconstruction algorithm for quantifica-
tion is limited, with some manuscripts investigating the
effect of the algorithm in phantom images [7, 9, 10]. Most
of the available literature is primarily focused on fluori-
nated tracers, with some publications investigating the
effect of the algorithm in semi-quantification of whole-
body scans and/or small structures imaging [11-14]. Fur-
thermore, there is limited knowledge on the quantitative
accuracy of Q.Clear when reconstructing brain PET-MR
images with low counts and high noise.

[M!C]PHNO is a PET radiotracer that binds to both D2
and D3 dopamine receptors which are part of the D2-like
dopaminergic receptors (DARs) family [15, 16]. Unlike
antagonist radiopharmaceuticals, agonist radiotracers
such as ['!IC]PHNO have the potential to produce phar-
macologic effects [17, 18]. In practice, a compromise
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between mass and activity must be reached before the
scan, in order to avoid side effects, and it is sometimes
necessary to administer an activity much lower than the
target activity [18]. The restricted injected dose limits
may result in noisy imaging data with low counts. More-
over, for studies that require multiple scans, for example
for longitudinal follow-up or to investigate the effects of
drug challenges [19], it is necessary to limit the injected
dose to ensure the total radiation dose remains within an
acceptable range for research. In these circumstances it is
particularly important to use a reconstruction algorithm
that maximises the SNR.

Image reconstruction algorithms may have an impact
on measured binding potential relative to non-displacea-
ble volume measurements (BP,;,) calculated when using
a simplified reference tissue model (SRTM), although this
has not been fully assessed with the latest reconstruction
methods, such as Q.Clear [20]. Hence, we aim to inves-
tigate the impact of Q.Clear reconstruction methods on
brain kinetic modelling analysis, which will provide new
knowledge compared with previously conducted stud-
ies focused on characterising simplified outcome meas-
ure bias (e.g. standard uptake value (SUV)) introduced
by Q.Clear reconstruction methods. The primary objec-
tive of this pilot study is to investigate the performance
of Q.Clear, against the performance of the established
OSEM algorithm, in low activity [''CJPHNO PET brain
images acquired on a PET-MR system. We also investi-
gate which Q.Clear § values provides similar quantita-
tive results for low count brain scans, to those observed
with a OSEM 6 iteration, 16 subset and 5 mm filter
reconstruction (which is a routinely used clinical stand-
ard reconstruction for brain PET-MR scans, including
within our department). This will provide important evi-
dence to the field, given that previous work has been pre-
dominantly focused on the use of Q.Clear methods for
reconstruction of whole-body PET data and routine non-
kinetic modelling studies.

Materials and methods

["'CIPHNO PET-MR human data acquisition

and reconstruction

The original study adhered to the principles outlined in
the National Health Service (NHS) Research Govern-
ance Framework for Health and Social Care (2nd edi-
tion), the Declaration of Helsinki and Good Clinical
Practice (GCP). It was also conducted in compliance
with the Protocol, the Data Protection Act and other
regulatory requirements, and Standard Operating Pro-
cedures (SOPs), as appropriate. The data that were used
in this project were acquired after the participant’s con-
sent was obtained for the original study (REC reference
12/L0O/1955, IRAS Project ID: 103938). Use of this data
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was covered in the original consent form, which stated
that the data acquired could be used in future related
research.

Seven in vivo [M'C]PHNO PET datasets, correspond-
ing to seven different healthy normal participants,
were reconstructed retrospectively using Q.Clear and
OSEM algorithms, for this pilot study. The average
age of the participants was 23 years with the female to
male ratio being 3:4. The mean administered dose was
145.8 +15.8 MBq (mean+SD, n=7).

An MRI-based attenuation correction (MRAC)
sequence (MRI sequence with flip angle of 5°, echo time
(TE) 1.674 ms, repetition time (TR) 4.048 ms, 50 x 38 cm
FOV with 256 x 128 matrix), which was obtained during
scan acquisition, was used for attenuation correction of
the PET data.

Typical ['C]JPHNO PET-MR scans were binned
into the following frames 10 x 15 s, 3x 60 s, 5x 120 s,
15 x 300 s, with a total duration of 90 min and 30 s. The
dataset was processed once with the above frames and
with a reconstruction of OSEM 6iterations, 16subsets
and a 5 mm Gaussian filter, with time of flight (TOF)
information. This was entitled “26_ OSEM_6il6s5mm_
normal” In order to mimic a low count acquisition, the
dynamic PET-MR scans were reprocessed with a pre-
frame delay thereby decreasing the time per frame by
a factor of 3. Each in vivo dataset was reconstructed 11
times (10 TOF Q.Clear reconstructions [with S between
100 and 1000, in increments of 100], and 1 TOF OSEM
reconstruction [6iterations, 16subsets and a 5 mm
Gaussian filter]), with the pre-frame delay and named
with the suffix “_low”. Normal ['!C]PHNO scans present
an average count level of 4.9 x 10’ counts at the 15-min
frame, 1.1 x 107 counts at the 45-min frame and 2.6 x 10°
counts at the 90-min frame. When simulating a low dose
acquisition, the 15-min frame presented an average count
level of 1.5x 10’ counts, the 45-min frame 3.3 x 10°
counts and the 90-min frame 8.3 x 10° counts. Additional
file 1: Figure S1 contains a graphic of the prompt events
over time, for the normal and low count datasets, for one
participant. For ease of comparison, the European Asso-
ciation of Nuclear Medicine advises that, for static brain
[*®F]FDG scans, 100 million events should be detected
for a duration of 10—-20 min [21]. The scan reconstructed
with OSEM 6iterations, 16subsets and a 5 mm Gaussian
filter under normal counts was only used for the com-
parison with its counterpart under low counts, to estab-
lish the extent of the variability when using the same
reconstruction parameters and different count statistics.
Point Spread Function (PSF) modelling was not used for
the OSEM or Q.Clear reconstructions (PSF modelling
is included in Q.Clear by default) and all datasets were
reconstructed using time of flight information.
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Data analysis
All reconstructed ["'C]JPHNO dynamic human brain
PET scans were run through the MIAKAT™ (www.
miakat.org) pipeline in order to obtain BP,, results for
the Substantia Nigra (SN), Striatum (St), Globus Pal-
lidus (GP), Thalamus (Th), Caudate (Cd) and Putamen
(Pt). The pipeline in MIAKAT" follows a sequence of
steps namely, Brain Extraction, Brain Tissue Segmen-
tation, Motion Correction, Region of interest (ROI)
definition, ROI tracer kinetic modelling and Paramet-
ric imaging. Motion correction and ROIs were applied
to all reconstructions for the same subject. No image
processing was performed prior to the datasets being
run through MIAKAT™, however the outputs from
the steps described above were reviewed and manu-
ally accepted by the investigator. The data analysis steps
required limited interaction from the investigator and
the data analysis process for all images datasets was
conducted by the same investigator, hence reducing
intra-operator and inter-operator variability. Since a
region devoid of receptors was available, i.e. the cere-
bellum, it was possible to use a SRTM approach to esti-
mate BP,;,, which is a product of the receptor density
and affinity and provides information regarding non-
specific and free radioligand concentrations [22].
Intraclass Correlation Coefficient (ICC) estimates and
95% confident intervals (CI) were calculated using SPSS
statistical package version 26 (SPSS Inc, USA) based
on 11 reconstruction items (TOF_OSEM_6il6s5mm_
low, TOF_QClear_B100_low, TOF_QClear_B200_low,
TOF_QClear_B300_low, TOF_QClear_B400_low,
TOF_QClear_B500_low, TOF_QClear_B600_low,
TOF_QClear_B700_low, TOF_QClear_B800_low, TOF_
QClear_B900_low and TOF_QClear_B1000_low), abso-
lute-agreement, 2-way mixed-effects model.
Bland—Altman plots were obtained with Graph-
Pad Prism version 8.0.0 for Windows (GraphPad Soft-
ware, USA). Bias and the Repeatability Coefficient (RC)
between the OSEM algorithm (6iterations, 16subsets,
5 mm filter reconstruction under low counts, defined as
standard reconstruction for the purposes of this study)
and the Q.Clear reconstructions (n=10, with differing
B values), were produced using MedCalc® version 18
(MedCalc Software, Belgium), computing the standard
deviation of the BPyp results obtained for the healthy
subjects. The 2-way ANOVA results and multi compar-
isons using the Bonferroni test were used to determine
group differences among BPy;, results for the SN, St, GP,
Th, Cd and Pt groups for the in vivo data. For this pur-
pose, for determining the Coefficients of Variation (CV)
and for graphical demonstration, GraphPad Prism ver-
sion 8.0.0 for Windows (GraphPad Software, USA) was
used.
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Results

Out of the seven initial in vivo datasets only six were used
for the statistical analysis due to one dataset presenting
excessive movement that could not be corrected during
image processing. It was noted that the first frames of the
Q.Clear reconstructions presented spurious counts that
did not correspond to the radiopharmaceutical injec-
tion, interfering with the time activity curves (TACs) and
the kinetic modelling analysis. As the injection was only
administered 30 s after the start of the acquisition, these
frames were devoid of radioactivity. After removing the
first three frames from the reconstructed images, the
curves obtained presented the expected behaviour. An
example of the model fitting for the Globus Pallidus and
Cerebellum, for the same subject, when the brain images
were reconstructed with Q.Clear with 5100 and OSEM
can be found in Fig. 1. The graphics entitled “original
data” (A) and (C) demonstrate the fit obtained with all
the frames included. The graphic entitled “cropped data”
(B) and (D) demonstrate the fit obtained when the 3 first
frames were removed hence removing the background
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counts that did not correspond to the radiopharmaceu-
tical injection. Graphics (A) and (B) correspond to the
data reconstructed with Q.Clear 5100 whereas graphics
(C) and (D) correspond to the data reconstructed with
OSEM.

Example images of the ['C]JPHNO BP,;, obtained
for one participant from the in vivo dataset and recon-
structed with standard OSEM and Q.Clear with 5100—
1000 are present in Fig. 2.

For large brain regions, such as the thalamus and the
striatum, the intraclass correlation coefficient analysis
demonstrates that there is a good reliability, with the ICC
obtained for the BPy,, results being 0.87 (95% CI 0.70-
0.98) for the thalamus and 0.99 (95% CI 0.97-0.99) for
the striatum.

For the Thalamus, when comparing with the stand-
ard reconstruction, the Q.Clear with 5100 reconstruc-
tion presented the lowest bias (0.002) and RC (0.08). The
full bias and RC results are present in Additional file 6:
Table S1. In the Striatum, the Q.Clear with 5200 recon-
struction presents the lowest bias (0.046) and RC (0.14),
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Fig. 1 Model fitting obtained for the Cerebellum and Globus Pallidus, one PET-MR brain dataset (same subject) reconstructed with TOF Q.Clear
5100 (top row) and OSEM (bottom row). Note the interference of the background counts on the model fitting on the graphic entitled “Original
Data” (A). The three initial frames that contained background counts were removed on the graphic entitled “Cropped data” (B). Note the lack of
interference from the background counts, when OSEM is used, on the model fitting on graphic (C) and the similar model fitting obtained when the
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10

TOF OSEM 6i16s 5mm_low TOF Q.Clear B100 _low TOF Q.Clear B200 _low

TOF Q.Clear 300 _low TOF Q.Clear 400 _low TOF Q.Clear B500 _low

TOF Q.Clear 600 _low TOF Q.Clear 700 _low TOF Q.Clear B800 _low

TOF Q.Clear 900 _low TOF Q.Clear 1000 _low 0

Fig. 2 Representative BP,, parametric brain images after [''CIPHNO administration, per reconstruction method under low counts. Note the visual
differences in image quality for the Q.Clear reconstructions as 3 increases

when compared to the standard reconstruction. This is  Thalamus (D), per reconstruction method is presented in
demonstrated in the Bland—Altman plots of Figs. 3and 4.  Fig. 5.

A graphic layout of the BP,,, obtained for the Sub- For medium size brain regions, such as the Globus Pal-
stantia Nigra (A), Striatum (B), Globus Pallidus (C) and  lidus, Putamen and Caudate the intraclass correlation
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coefficient analysis demonstrates that there is a good
reliability (with the ICC obtained for the BP,,, results
being 0.96 (95% CI 0.89-0.99), 0.99 (95% CI 0.98—0.99)
and 0.96 (95% CI 0.90—0.0.99) respectively. In the Globus

Pallidus, BPy;, data shows that Q.Clear with 3100 recon-
struction presented the lowest bias (—0.087) and RC
(0.22), when compared to the standard reconstruction.
This is demonstrated in the Bland—Altman plots for the
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Fig. 4 Bland-Altman plots of the BP,; obtained for the Striatum: A TOF OSEM 6i16s5mm _low versus TOF Q.Clear 3700_low; B TOF OSEM
6i16s5mm _low versus TOF Q.Clear 3800_low; C TOF OSEM 6i16s5mm_low versus TOF Q.Clear 3900_low; D TOF OSEM 6i16s5mm_low versus TOF
Q.Clear 31000_low; E TOF OSEM 6i16s5mm _low versus TOF OSEM 6i16s5mm_normal

Globus Pallidus in the Additional file 2: Figure S2 and
Additional file 3: Figure S3. The results for the Caudate
and Putamen demonstrate a similar pattern to what was
observed for the structures in graphs A, B and C in Fig. 5.

When compared to the standard reconstruction, Q.Clear
with 5200 reconstruction presented the lowest bias and
RC for both the Cd and Pt (bias of —0.041 and 0.015 and
RC of 0.18 and 0.10, respectively).
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Fig. 5 Graphic layout of the BP,, obtained for the Substantia Nigra (A), Striatum (B), Globus Pallidus (C) and Thalamus (D), per reconstruction
method. For the Substantia Nigra (A), Striatum (B) and Globus Pallidus (C) as the § value for the Q.Clear reconstructions increases, the mean 8P,
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For small size brain regions, namely the Substantia
Nigra, the intraclass correlation coefficient analysis dem-
onstrated poor intra-rater reliability (the ICC obtained
for the BPy;, results for the SN was 0.43 (95% CI 0.17—
0.83). The Q.Clear reconstruction with 5100 presented
the lowest bias (0.979) and RC (2.17), when compared to
the standard OSEM reconstruction. This is demonstrated
in the Bland—Altman plots for the Substantia Nigra in the
Additional file 4: Figure S4 and Additional file 5: Figure
S5.

The BPyp results in the Substantia Nigra for the
OSEM 6 iterations, 16 subsets and filter of 5 mm recon-
struction mimicking low counts were more dispersed
(CV =45.42%) than the results for the same reconstruc-
tion with a normal number of counts (CV=28.61%)
and the comparison between both datasets provided a
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bias of 0.469 and RC of 1.49. For all other brain regions,
the dispersion was similar for both the normal counts
and the reduced counts reconstructions. The full list of
percentage CV is present in Additional file 7: Table S2.

When comparing the BP,;, results from the stand-
ard iterative reconstruction, OSEM with 6 iterations,
16 subsets and a filter with 5 mm kernel under low
counts, with the Q.Clear reconstructions with differ-
ent f values under low counts, for the Substantia Nigra,
Globus Pallidus and Thalamus, there is no comparison
that provides a p-value that is statistically significant.
Conversely, the Q.Clear with a 5300, 600, 800 and 900
showed statistically significant differences, when com-
pared to OSEM with 6 iterations, 16 subsets and a fil-
ter with 5 mm kernel, for the Striatum and Putamen
(Fig. 6).

A Multicomparison analysis of the BPyp
results for the Substantia Nigra

TOF OSEM_6i16s6mm_low - TOF OSEM_6i16s6mm_normal={
TOF OSEM_6i16s6mm_low - TOF QClear_B1000_low-]

TOF OSEM_6i16s6mm_low - TOF QClear_B00_low-]

TOF OSEM_6i16s6mm_low - TOF QClear_B800_low-]

TOF OSEM_6i16s6mm_low - TOF QClear_B700_low-]

TOF OSEM_6i16s6mm_low - TOF QClear_B600_low-]

TOF OSEM_6i16s6mm_low - TOF QClear_B5600_low-]

TOF OSEM_6i16s6mm_low - TOF QClear_B400_low-]

TOF OSEM_6i16s6mm_low - TOF QClear_B300_low-]

TOF OSEM_6i16s6mm_low - TOF QClear_B200_low-]

TOF OSEM_6i16s6mm_low - TOF QClear_B100_low-]

Comparison

T
-4 -2 0 2 4 6 8
Mean difference

Multicomparison analysis of the BPyp
results for the Globus Pallidus

C

TOF OSEM_6i16s5mm_low - TOF OSEM_6i16s5mm_normal-]
TOF OSEM_6i16s5mm_low - TOF QClear_B1000_low~]

TOF OSEM_6i16s5mm_low - TOF QClear_B900_low-]

TOF OSEM_6i16s5mm_low - TOF QClear_B800_low-]

é TOF OSEM_6i16s5mm_low - TOF QClear_B700_low-] ————
g TOF OSEM_6i16s5mm_low - TOF QClear_B600_low-] ——
£ TOF OSEM_6i16s5mm_low - TOF QClear_B500_low-] ——
© TOF OSEM_6i16s5mm_low - TOF QClear_B400_low-] ———

TOF OSEM_6i16s5mm_low - TOF QClear_B300_low-] e e

TOF OSEM_6i16s5mm_low - TOF QClear_B200_low-] i

TOF OSEM_6i16s5mm_low - TOF QClear_B100_low-] i

1 o 1 2

Mean difference

E

Multicomparison analysis of the BPyp
results for the Caudate

TOF OSEM_6i16s5mm_low - TOF OSEM_6i16s5mm_normal- —e—i
TOF OSEM_6i16s5mm_low - TOF QClear_B1000_low{ +——————&——————
TOF OSEM_6i16s5mm_low - TOF QClear_B900_low-] e
< TOF OSEM_6i16s5mm_low - TOF QClear_B800_low—] ———y
2 TOF OSEM_6i16s5mm_low - TOF QClear_B700_low-| +———————e&———————
s TOF OSEM_6i16s5mm_low - TOF QClear_B600_low-] ——e—— p=00368
£ TOF OSEM_6i16s5mm_low - TOF QClear_B500_low-| +——————&—————
© TOF OSEM_6i16s5mm_low - TOF QClear_B400_low-| +————&————
TOF OSEM_6i16s5mm_low - TOF QClear_B300_low-| ~ +———&———
TOF OSEM_6i16s5mm_low - TOF QClear_B200_low-| +———e———
TOF OSEM_6i16s5mm_low - TOF QClear_B100_low| ——&——i
0.5 00 05 10 15

Mean difference

B

D

F

Fig. 6 Multicomparison analysis of the BP,, results obtained for all structures when images reconstructed the standard OSEM 6iterations 16subsets
and 5 mm filter and with the Q.Clear reconstructions with different 8 values. Note the statistically significant results included on the graphs

Multicomparison analysis of the BPyp results
for the Striatum
TOF OSEM_6i16s6mm_low - TOF OSEM_6i16s6mm_normal -] —.—t
TOF OSEM_6i16s6mm_low - TOF QClear_B1000_low =] ——e—— p=00013
TOF OSEM_6i16s6mm_low - TOF QClear_B00_low-] ——e———  p=00014
TOF OSEM_6i16s6mm_low - TOF QClear_B800_low] ——e——  p=00009
_§ TOF OSEM_6i16s6mm_low - TOF QClear_B700_low-] ——e——  p=00014
g TOF OSEM_6i16s6mm_low - TOF QClear_B600_low] —e—  p=00008
E TOF OSEM_6i16s6mm_low - TOF QClear_B500_low] ——e——  p=00061
TOF OSEM_6i16s5mm_low - TOF QClear_B400_low=] ————
TOF OSEM_6i16s6mm_low - TOF QClear_B300_low~| ——i p=00328
TOF OSEM_6i16s5mm_low - TOF QClear_B200_low- ———
TOF OSEM_6i16s6mm_low - TOF QClear_B100_low~| ——————
0.5 00 05 10
Mean difference
Multicomparison analysis of the BPyp
results for the Thalamus
TOF OSEM_6i16s5mm_low - TOF OSEM_6i16s5mm_normal=] e
TOF OSEM_6i16s5mm_low - TOF QClear_B1000_low=| _—e
TOF OSEM_6i16s5mm_low - TOF QClear_B900_low-] ———
e TOF OSEM_6i16s5mm_low - TOF QClear_B800_low-] P e
_2 TOF OSEM_6i16s5mm_low - TOF QClear_B700_low-] e
g TOF OSEM_6i16s5mm_low - TOF QClear_B600_low-] ———i
g TOF OSEM_6i16s5mm_low - TOF QClear_B500_low={ e Sam—
© TOF OSEM_6i16s5mm_low - TOF QClear_B400_low-] i
TOF OSEM_6i16s5mm_low - TOF QClear_B300_low={ —
TOF OSEM_6i16s5mm_low - TOF QClear_B200_low-] e
TOF OSEM_6i16s5mm_low - TOF QClear_B100_low-] —e—i
1.0 05 00 05
Mean difference
Multicomparison analysis of the BPyp
results for the Putamen
TOF OSEM_6i16s5mm_low - TOF OSEM_6i16s5mm_normal-{ —e—i
TOF OSEM_6i16s5mm_low - TOF QClear_B1000_low-] ——e—— p=00014
TOF OSEM_6i16s5mm_low - TOF QClear_B900_low-] —e—i  p=00004
- TOF OSEM_6i16s5mm_low - TOF QClear_B800_low-| —e—i  p=00004
2 TOF OSEM_6i16s5mm_low - TOF QClear_B700_low-{ —e—— p=00041
g TOF OSEM_6i16s5mm_low - TOF QClear_B600_low-{ —e—i p=00028
E TOF OSEM_6i16s5mm_low - TOF QClear_B500_low-] —e—i p=00079
© TOF OSEM_6i16s5mm_low - TOF QClear_B400_low-| [ ——]
TOF OSEM_6i16s5mm_low - TOF QClear_B300_low-{ —e—  p=00116
TOF OSEM_6i16s5mm_low - TOF QClear_B200_low-{ e
TOF OSEM_6i16s5mm_low - TOF QClear_B100_low-{  +—e&———i
0.5 0.0 05 10
Mean difference




Ribeiro et al. EINMMI Research (2022) 12:11

Discussion

The aim of this study was to investigate the impact of
Q.Clear reconstruction methods on brain kinetic mod-
elling analysis by evaluating the performance of Q.Clear,
against the performance of OSEM in the presence of a
small number of counts, in brain images acquired in a
PET-MR system. To our knowledge, we are the first to
investigate Q.Clear reconstruction performance for brain
kinetic modelling analysis rather than simplified quanti-
fication methods like standard uptake value (SUV). We
also report here that, for low count brain scans in com-
parison to whole-body PET imaging, much lower f lev-
els (between 100 and 200) are required to achieve the
same quantitative results to those obtained with a OSEM
method.

The results for all structures, apart from the Substan-
tia Nigra, appeared to be unaffected by the reconstruc-
tion method as the changes in the CV were minimal. The
Substantia Nigra however appeared to be vulnerable to
the reconstruction method under a low count scenario as
not only the results appeared more dispersed, but it was
also observed an increase of almost 12% for the CV cal-
culation. This finding demonstrates that, when conduct-
ing kinetic modelling with an SRTM, the reconstruction
algorithm used may have a different impact on different
brain structures. This project did not consider partial vol-
ume effect correction which is important for small struc-
tures such as the Substantia Nigra. Even though Q.Clear
improves spatial resolution versus OSEM due to PSF cor-
rections, this is still limited and a consequence of it is the
partial volume effect which can affect the PET images
quantitatively [9]. Therefore, the results for the Substan-
tia Nigra could be underestimated by a spill-over effect
from the white matter located in the midbrain [23].

The penalisation factor in Q.Clear performs as a noise
suppression term with higher S values resulting in
stronger noise reduction, whilst preserving edges [24].
This explains the decrease in the mean BP,, results with
the increase in f value, for the SN, St, and GP. The excep-
tion to this can be observed in the thalamus as there is a
slight increase in the mean BPy, results with the increase
in f3 value, possibly due to the low target density in that
region (with BP,;, values approximately 10 times lower
than high density and large regions, such as the striatum).

The BP, obtained from the in vivo data demon-
strates that, in a low count scenario, Q.Clear with 5100
has the lowest bias when compared to the standard low
count OSEM reconstruction for the SN, GP and Th. For
the same metric in the Striatum, Q.Clear with 5200 has
the lowest bias. Furthermore, when the BP,;, for the Cd
and Pt are investigated individually it is also noted that
Q.Clear with 200 presents the lowest bias for both
structures. These results are further substantiated by
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the multi comparison results which demonstrate that
Q.Clear with 5100, 200 and 400 are the only reconstruc-
tions across all structures that do not present statistically
significant (0.01<p <0.05), very statistically significant
(0.001<p<0.01) or extremely statistically significant
(0.0001<p <0.001) differences when compared to the
standard reconstruction.

Lindstrom et al. (2017) investigated clinical whole-
body scans which were acquired in a GE PET-CT sys-
tem and reconstructed with Q.Clear and TOF-OSEM.
They found that in order to obtain a noise equivalence
to TOF-OSEM reconstructions with 3iterations, 16sub-
sets and 5 mm Gaussian filter, a Q.Clear reconstruction
with B600 should be performed for radiotracers such
as ® Ga-DOTATOC, "F-FDG and 'F-Fluoride and a
Q.Clear reconstruction with 400 should be performed
for 1'C-acetate [25].

Scott et al. (2019) aimed at optimising Q.Clear for *°Y
quantitative imaging by preparing a National Electrical
Manufacturers Association (NEMA) image quality phan-
tom with an *°Y solution and scanning it on a GE Discov-
ery 710 PET-CT scanner. Images were re-binned in the
first instance into 15 min frames and, at a later stage, into
30 and 60 min frames and reconstructed with Q.Clear
with 8 values of 1, 400, 800, 1000, 1200, 1400, 1600,
1800, 2000, 3000, 4000 and 8000. They calculated activity
recovery and found that the optimal value for quantifica-
tion was /5 1000, as the reduction in image noise provided
by this reduction does not affect quantification [26].

These reports demonstrate that the optimal f value is
dependent on the tracer and the OSEM parameters used
for a given application (e.g. brain PET studies versus
whole-body PET). Notably, brain PET imaging requires
more resolved images and this can be achieved with
either an OSEM reconstruction with a high number of
iterations and subsets or a Q.Clear reconstruction with
low B values. It is encouraging that our results are in
line with the report by Ross [27] who reconstructed two
FE-FDG brain image datasets with OSEM 3iterations,
32 subsets and 2.5 mm filter and Q.Clear with 8150 and
found that this B level produced excellent contrast and
image quality in both datasets. Reynés-Llompart et al.
(2018) evaluated phantom and brain and whole-body
patient images which had been acquired in a GE Discov-
ery IQ PET-CT system and reconstructed with Q.Clear
with  from 50 to 500. They used various acquisition
times to mimic different counts—the 15 s acquisition in
their study yielded 1944 million counts, which repre-
sents the closest statistics to the ones mimicked in our
study. At a 15 s acquisition and using a lesion to back-
ground ratio of 2:1, a 8 value of 150 maximises the con-
trast to noise ratio (CNR) for a sphere of 10 mm, a 5 value
of 200 maximises the CNR for a sphere of 13 mm and a 8
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value of 250 maximises the CNR for a sphere of 17 mm.
Although in kinetic modelling spatial resolution is of
more importance than CNR, it is important to note that
B values of this range yield good contrast for small struc-
tures. Their results also demonstrated that for images of
the torso, the optimal S value would be between 300 and
400, whereas for the brain images, it would be between
100 and 200, which is in line with our observation [28].
This suggests that, unlike diagnostic whole-body studies,
using 8 F-MISO and/or ®F-FAZA in hypoxic lung lesions
[13] and ®F-FDG PET-CT in pulmonary nodules [10],
where the optimal j value is 350 and 400 or studies using
%8 Ga-PSMA and '8F-Fluciclovine in pelvic lesions [29,
30] which found that the optimal 5 value was between
400 and 550 and 300, respectively, for brain studies the
optimal B value is lower, particularly when accurate
quantification is paramount. In fact, phantom and clini-
cal studies conducted with the aim of improving spa-
tial resolution rather than for diagnostic purposes have
reported that Q.Clear with low beta values provides bet-
ter spatial resolution in small structures. Rogasch et al.
(2020) investigated image metrics such as spatial reso-
lution, contrast recovery and SNR in phantom images
reconstructed with Q.Clear and OSEM with PSF mode-
ling. The team found that when using Q.Clear with 5 150
and a high signal to background ratio, the spatial resolu-
tion obtained is superior to that obtained when recon-
structing images with PSF modelling and/or time of flight
[9]. Similarly, a publication by Howard et al. [14] investi-
gating Q.Clear in small pulmonary nodules reported that
Q.Clear with a /5 value of 150 improved visual conspicuity
of nodules of approximately 1 cm.

Our work follows a similar approach to that of Teoh
et al., Ter Voert et al. and Teoh et al. [10, 29, 30]. How-
ever, whereas these investigations were performed in
whole-body imaging and focusing on the effect of the
algorithm on SUV metrics, our work was performed in
quantitative dynamic brain imaging and demonstrates
the effects on BPy;,. To our knowledge, this has not been
attempted before. Moreover, our work further sustains
the initial observations presented by Reynés-Llompart
et al. [28].

A limitation related with the use of Q.Clear that was
noted in this study was that for frames with low counts,
spurious high counts were seen in the reconstruction
and three of the initial frames had to be removed (as was
described in the Results section). This demonstrates the
importance of the quality control stage in image analysis.

Conclusion

In [M'C]JPHNO brain studies that require accurate
quantification, Q.Clear with S values between 100 and
200 provide the least bias, lower RC and no statistically
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significant differences when compared to a standard
OSEM reconstruction. Further investigations in this
field are required to determine if 8 values in the range
mentioned above provide the same results for other
radiopharmaceuticals.
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Additional file 1. Figure S1: Graphic of the prompt events over time
(time post-injection). Note the higher prompt counts for the plot denomi-
nated "normal’, which refers to the datasets with normal counts. The

plot denominated “low” refers to the datasets in which low counts were
simulated. Both plots belong to the same participant.

Additional file 2. Figure S2: Bland-Altman plots of the BPND obtained
for the Globus Pallidus: (A) TOF_OSEM 6i16s5mm_low vs TOF_Q.Clear
100_low; (B) TOF_OSEM 6i16s5mm _low vs TOF_Q.Clear $200_low; (C)
TOF_OSEM 6i1655mm_low vs TOF_Q.Clear 3300_low; (D) TOF_OSEM
6i16s5mm _low vs TOF_Q.Clear 3400_low; (E) TOF_OSEM 6i16s5mm_low
vs TOF_Q.Clear B500_low; (F) TOF_OSEM 6i16s5mm_low vs TOF_Q.Clear
3600_low.

Additional file 3. Figure S3: Bland-Altman plots of the BPND obtained
for the Globus Pallidus: (G) TOF_OSEM 6i16s5mm _low vs TOF_Q.Clear
3700_low; (H) TOF_OSEM 6i16s5mm _low vs TOF_Q.Clear f800_low;
(I) TOF_OSEM 6i16s5mm_low vs TOF_Q.Clear 3900_low; (J) TOF_OSEM
6i16s5mm _low vs TOF_Q.Clear 31000_low; (K) TOF_OSEM 6i16s5mm
_low vs TOF_OSEM 6i16s5mm_normal.

Additional file 4. Figure S4: Bland-Altman plots of the BPND obtained
for the Substantia Nigra: (A) TOF_OSEM 6i16s5mm_low vs TOF_Q.Clear
3100_low; (B) TOF_OSEM 6i1655mm _low vs TOF_Q.Clear 3200_low; (C)
TOF_OSEM 6i1655mm_low vs TOF_Q.Clear 3300_low; (D) TOF_OSEM
6i16s5mm _low vs TOF_Q.Clear 3400_low; (E) TOF_OSEM 6i16s5mm_low
vs TOF_Q.Clear B500_low; (F) TOF_OSEM 6i16s5mm_low vs TOF_Q.Clear
3600_low.

Additional file 5. Figure S5: Bland-Altman plots of the BPND obtained
for the Substantia Nigra: (G) TOF_OSEM 6i16s5mm _low vs TOF_Q.Clear
3700_low; (H) TOF_OSEM 6i16s5mm _low vs TOF_Q.Clear 3800_low;

(I) TOF_OSEM 6i16s5mm_low vs TOF_Q.Clear 3900_low; (J) TOF_OSEM
6i16s5mm _low vs TOF_Q.Clear 31000_low; (K) TOF_OSEM 6i165s5mm
_low vs TOF_OSEM 6i16s5mm_normal.

Additional file 6. Table S1. Bias, Standard deviation of Bias, Repeatability
Coefficients (RC), Lower Limits of Agreement (LoA), Higher LoA, standard
deviation of Bias and LoA obtained, per brain structure, when Q. Clear
reconstructions with pre-frame delay and OSEM reconstruction with
normal frame length were compared to standard OSEM reconstruction
with pre-frame delay.
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Additional file 7. Table S2. Coefficient of variation obtained for the Sub-
stantia Nigra, Striatum, Globus Pallidus, Thalamus, Caudate and Putamen,
per reconstruction Method. Note the highest percentages are observed
for the Substantia Nigra and Thalamus.
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