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Abstract 

Background:  Q.Clear, a Bayesian penalized likelihood reconstruction algorithm, 
has shown high potential in improving quantitation accuracy in PET systems. The 
Q.Clear algorithm controls noise during the iterative reconstruction through a β penali‑
zation factor. This study aimed to determine the optimal β-factor for accurate quantita‑
tion of dynamic PET scans.

Methods:  A Flangeless Esser PET Phantom with eight hollow spheres (4–25 mm) 
was scanned on a GE Discovery MI PET/CT system. Data were reconstructed into five 
sets of variable acquisition times using Q.Clear with 18 different β-factors ranging 
from 100 to 3500. The recovery coefficient (RC), coefficient of variation (CVRC) and root-
mean-square error (RMSERC) were evaluated for the phantom data. Two male patients 
with recurrent glioblastoma were scanned on the same scanner using 18F-PSMA-1007. 
Using an irreversible two-tissue compartment model, the area under curve (AUC) 
and the net influx rate Ki were calculated to assess the impact of different β-factors 
on the pharmacokinetic analysis of clinical PET brain data.

Results:  In general, RC and CVRC decreased with increasing β-factor in the phan‑
tom data. For small spheres (< 10 mm), and in particular for short acquisition times, 
low β-factors resulted in high variability and an overestimation of measured activity. 
Increasing the β-factor improves the variability, however at a cost of underestimat‑
ing the measured activity. For the clinical data, AUC decreased and Ki increased 
with increased β-factor; a change in β-factor from 300 to 1000 resulted in a 25.5% 
increase in the Ki.

Conclusion:  In a complex dynamic dataset with variable acquisition times, the opti‑
mal β-factor provides a balance between accuracy and precision. Based on our results, 
we suggest a β-factor of 300–500 for quantitation of small structures with dynamic PET 
imaging, while large structures may benefit from higher β-factors.

Trial registration:  Clinicaltrials.gov, NCT03951142. Registered 5 October 2019, https://​
clini​caltr​ials.​gov/​ct2/​show/​NCT03​951142. EudraCT no 2018-003229-27. Registered 26 
February 2019, https://​www.​clini​caltr​ialsr​egist​er.​eu/​ctr-​search/​trial/​2018-​003229-​27/​
NO.
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Background
Positron emission tomography (PET) uniquely facilitates quantitation of physiological 
and pathophysiological processes in vivo. Absolute quantitation of a functional process 
requires a dynamic PET acquisition, to track the radiotracer kinetics (uptake, retention, 
and clearance) in tissue over time, and a measurement of the tracer concentration in 
arterial blood. The latter traditionally requires arterial cannulation, an invasive proce-
dure; however, the use of image-derived input function (IDIF) is an alternative [1].

Several factors influence the quantitative accuracy in a complex dynamic imaging 
setup. Data are continuously collected in listmode and reconstructed into time frames of 
variable durations. Time frames are typically short in the beginning of the scan (5–10 s) 
and increase during scanning. During this period, the radioactivity concentration of the 
tracer in tissue also varies over time. The consequence is a dynamic data set consisting 
of frames with a combination of high- and low-count statistics. Another key factor is the 
limited spatial resolution of PET. State-of-the-art clinical PET/CT scanners provide a 
spatial resolution of 4–6 mm [2–4]. The quantitative accuracy of small structures will be 
affected by limited spatial resolution and partial volume effects (PVE) must be taken into 
consideration when analysing clinical data. For example, in neuroimaging, an IDIF can, if 
applicable, be extracted from intracranial blood vessels. The cerebral part of the internal 
carotid artery (ICA), which is commonly used, has a mean diameter of 4.66 ± 0.78 mm 
for women and 5.11 ± 0.87 mm for men [5] and can be difficult to segment due to lim-
ited spatial resolution and subjected to measurement errors [6].

PET images are commonly reconstructed by the widely clinically implemented 
ordered subset expectation maximization (OSEM) method [7]. A key shortcoming of 
OSEM is excessive noise with increasing number of iterations and insufficient conver-
gence associated with underestimation of radioactivity concentration at insufficient 
iterations, particularly in small structures. Q.Clear, a Bayesian penalized likelihood itera-
tive reconstruction algorithm (GE Healthcare), was developed to overcome these issues 
by controlling noise during iterations in order to allow full convergence [7]. The block 
sequential regularized expectation maximization algorithm suppresses noise by penal-
izing strong relative differences between voxels while preserving edges and also incor-
porates a point spread function (PSF) model. The strength of the noise-penalization 
is controlled by the parameter β which is the only controlling reconstruction param-
eter that is available to the user. Studies have shown that the use of Q.Clear resulted 
in improved contrast recovery (CR) and reduced noise compared to OSEM in both 
phantom and patient studies [8, 9]. Te Riet and colleagues demonstrated that increas-
ing the β-factor improves signal-to-noise ratio, but at the cost of small lesion detect-
ability in whole-body 18F-FDG scans [10]. To date, most published studies have focused 
on how the choice of β-factor affects image noise and lesion detectability [8, 11], and not 
on the quantitative accuracy of PET data. In addition, many phantom studies are based 
on the National Electrical Manufacturers Association (NEMA) image quality phantom 
containing spheres ≥ 10  mm diameter [12]. With the recent developments of modern 
digital PET systems and advanced image reconstruction algorithms, smaller spheres are 
required to fully evaluate the performance of novel reconstruction methods. Further-
more, studies have until now mainly focused on whole-body static PET scans. To the 
best of our knowledge, only one published study has investigated the effect of the choice 
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of β-factor on the analysis of dynamic clinical PET data [13]. Ribeiro et  al. compared 
the outcome parameter of a brain kinetic modelling analysis using different β-factors 
and a standard OSEM protocol. However, this was done only in clinical data and for a 
11C-labelled tracer.

Here, we investigate how the β-factor in the Q.Clear algorithm affects quantitation 
and variability of tracer uptake in a dynamic 18F PET data set. The phantom study was 
designed to mimic a clinical dynamic PET scan (i.e. structures of various sizes, com-
bination of frames of variable durations and repeated scans). In addition, two clinical 
cases were included to illustrate the impact of β-factor on the pharmacokinetic analysis 
of clinical 18F PET brain data.

Materials and methods
Phantom study

Phantom

A Flangeless Esser PET Phantom (model PET/FL/P) with hollow sphere sets ECT/HS/
SET6 and ECT/MI-HS/SET4 (Data Spectrum Corporation, Hillsborough, NC, USA) 
was used in this study. The phantom has an inner diameter of 20 cm, and eight hollow 
spheres with inner diameter of 25, 15, 12, 10, 7.9, 6.2, 5.0 and 4.0 mm (volumes of 8.0, 
2.0, 1.0, 0.5, 0.25, 0.125, 0.063 and 0.031 ml, respectively) were mounted in the phan-
tom sorted according to diameter, with the six largest spheres in the circular positions 
57.2  mm off centre, the second smallest spheres 28.6  mm off centre, and the smallest 
in the centre. No further inserts were used, see layout in Fig.  1. The spheres and the 
background compartment were filled with 17.2  kBq/ml and 1.6  kBq/ml 18F-FDG 
(ratio = 10.5), respectively.

Data acquisition and reconstructions

The phantom was placed on the table, centred using the positioning lasers and scanned 
on a Discovery MI PET/CT system (GE Healthcare, Milwaukee, WI, USA) with a 20-cm 
axial field of view (FOV) for 25 min. Data were collected in listmode and images were 
reconstructed to five 5-min frames (entire scan), five 2-min frames (from the first 10 min 
of the scan), five 1-min frames (from the first 5 min of the scan), five 30-s frames (from 
the first 2.5 min of the scan) and five 10-s frames (from the first 50 s of the scan). Images 

Fig. 1  Example delineations of VOIs for each sphere shown on the CT (a) and PET image (b) in all three 
directions
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were reconstructed using Q.Clear (including time of flight (TOF), PSF modelling, a 
256 × 256x71 matrix and 30 cm FOV) with 18 different β-factors ranging from 100 to 
3500 and corrected for radioactive decay, dead time, attenuation, random coincidences 
and scattered radiation. In total, 450 reconstructed image series were reconstructed. A 
low-dose CT (120 kVp, 35 mA, revolution time 1, pitch 0.98, and slice thickness 0.625) 
was acquired for attenuation correction and structural information.

Data analysis

PET images were analysed using an in-house MATLAB-based program. First, a spherical 
volume of interest (VOI) matching the volume of each sphere was automatically placed 
around each sphere as identified on the CT data. Second, to correct for potential mis-
alignment between the PET and CT data, the individual VOIs were allowed to be moved 
a maximum of one voxel in any direction to ensure inclusion of the maximum activity 
concentration in the PET data (Fig. 1). The latter procedure was applied individually for 
all 450 image series.

To quantify the measured activity concentration in the spheres, the average of the 10% 
hottest voxels in each VOI was calculated, from here on referred to as the peak value. 
The peak measurement was used to avoid the uncertainty of using the max SUV in each 
sphere, as the max value if affected by noise in the image. The recovery coefficient (RC), 
the coefficient of variation (CVRC) and the root-mean-square error (RMSERC) were com-
puted to assess the impact of different β-factors on the bias, variability and accuracy of 
quantitation. RC (Eq. 1) of each sphere states how accurately the known concentration 
is reproduced in a specific volume and is calculated as the ratio of the measured and 
known concentration [14]:

where cmeasured,peak  is the average of the measured activity concentrations in the five 
reconstructed repetitions, and cknown is the known activity concentration in the hot 
sphere. An RC of 1 suggests perfect reproduction of the activity concentration.

CVRC (Eq. 2) gives an estimate of the variability for the calculated RC for the different 
spheres and β-factors. CVRC is the ratio of the standard deviation of the RC ( SDRC) for 
the five reconstructed repetitions and the mean of the RC defined as [15]

RMSERC (Eq. 3) provides the difference between predicted and actual values and was 
calculated to investigate which β-factor would give the most accurate prediction for all 
sphere sizes and acquisition times. The RMSERC calculations include the RC value for 
each individual reconstructed repetition and all acquisition times. To investigate the 
potential impact due to sphere sizes, the RMSERC was calculated for all spheres com-
bined, the four largest spheres (10–25  mm) and for the four smallest spheres (4.0–
7.9 mm). An RMSERC of 0 would suggest a perfect result. A favourable β-factor range 
was defined based on the lowest RMSERC + 10%.

(1)RC =
cmeasured,peak

cknown

(2)CVRC(%) = 100x
SDRC

RC
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Clinical evaluation

Data from two male patients with recurrent glioblastoma included in an ongoing clini-
cal trial (NCT03951142) at Oslo University Hospital was retrospectively selected for this 
study. The clinical trial is approved by the National Research Ethics Committee and the 
Institutional Review Board (2017/1875), and all patients gave their written and informed 
consent.

Data acquisition and image reconstruction
18F-PSMA-1007 (2.5 MBq/kg) was injected intravenously and the patients were scanned 
dynamically for 30  min on a Discovery MI PET/CT system (GE Healthcare, Milwau-
kee, WI, USA). The PET data were reconstructed using Q.Clear (TOF, PSF modelling, a 
256 × 256 matrix, 30 cm FOV) with a range of β-factors chosen from the results of the 
phantom study. Images were dynamically reconstructed into 32 frames of variable dura-
tions (18 × 10 s, 6 × 30 s, 4 × 1 min and 4 × 5 min) and corrected for radioactive decay, 
dead time, attenuation, random coincidences and scattered radiation. A low-dose CT 
(120 kVp, 35 mA, revolution time 1, pitch 0.98, and slice thickness 0.625) was used for 
attenuation and scatter correction.

Pharmacokinetic analysis

Image analysis was performed using PMOD 4.0 (PMOD Technologies LLC, Zurich, 
Switzerland). First, to correct for patient motion during scanning, a rigid matching 
approach between frames was applied using the average uptake during the first two min-
utes of the scan as the reference image. For the pharmacokinetic modelling of the data, 
an IDIF was extracted as a proxy for an arterial input function. The IDIF was delineated 
by segmenting the bilateral ICA (threshold: 50% of max signal) on the blood pool image 
(first minute after injection of tracer). The uptake of 18F-PSMA-1007 in tumour tissue 
was extracted from an automatically delineated VOI using a threshold of 50% of max 
signal on a summed 20–30 min post-injection image. The blood pool and tumour tissue 
VOIs are shown in Fig. 2 for one of the included clinical cases.

Time activity curves (TACs) were extracted for the blood and tumour VOIs, and an 
irreversible two-tissue compartment model was used to calculate the net influx rate Ki of 
the tracer in the tumour tissue as defined by Eq. 6 [16]:

where K1 [ml/ccm/min] and k2 [1/min] are the uptake and clearance rate constants, and 
k3 [1/min] describes the trapping. The area under the curve (AUC) for the blood TAC 
and the tumour TAC was calculated to investigate the impact of the chosen β-factors 
on the kinetic analysis. In the absence of a gold standard, changes in AUC and Ki due to 
different β-factors were reported as the percentage differences between the lowest and 
highest β-factors used.

(3)RMSERC =

n
i=1(1− cmeasured,peak/cknown)

2

n

(4)Ki =
K1 × k3

k2 + k3
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Results
Phantom study

Figure  3 shows the RCs for all sphere sizes and acquisition times. In general, RC 
decreased with increasing β-factor. The use of lower β-factors tended to overesti-
mate the measured activity concentration in data with low-count statistics (Fig.  3a, 
b). Increasing the β-factor (and hence the noise suppression) led to a smaller bias 
in the measurement for the larger spheres (≥ 10 mm), however at a cost of underes-
timating the measured activity concentration in the smaller spheres. The degree of 
over- and underestimation was highly dependent on acquisition time. For acquisition 
times ≥ 1 min, the measured activity concentrations in the smaller spheres (< 10 mm) 
were increasingly underestimated for β-factors ≥ 200 (Fig. 3c-d). As shown in Fig. 3e, 
even for data with high-count statistics, the bias of measurements was challenging in 
small spheres. Consequently, the use of a low β-factor was beneficial for reproduc-
ing the activity concentration in smaller structures. In contrast, a more mid-range 
β-factor provided the best results for larger spheres (≥ 10 mm).

The variability measurements are shown in Fig. 4. In general, CVRC decreased with 
increasing acquisition time and β-factors. A high variability was observed for the 
smallest spheres (< 10  mm), even in the high-count statistical data. For acquisition 
times up to 2 min, one or more of the small spheres gave a CVRC above 40%, and the 
5-min reconstructions provided values that mostly were below 20%. Increasing the 
β-factor improved the variability of these measurements, however, at the cost of bias 
(Fig. 3). For the larger spheres (≥ 10 mm), a variability of less than 20% was achievable 
at all acquisition times: less than 10% for the 1-min and 2-min acquisitions, and less 
than 4% for the 5-min acquisition, respectively.

The RMSERC was calculated to assess the accuracy of measurements in a complex 
dynamic dataset with variable acquisition times. When combining all sphere sizes, 

Fig. 2  Standardized uptake value (SUV) image of a representative male adult patient with recurrent 
glioblastoma scanned with 18F-PSMA-1007. 18F-PSMA-1007 uptake and delineated VOIs are shown for tumour 
tissue (white arrow in a) and blood pool (white arrow in b)
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a β-factor of 500 was found to give the most favourable results. If we allow for a 10% 
variation in RMSERC, a favourable β-factor will be in the range of 300–1000 (Fig. 5). 
If optimizing the accuracy only for smaller structures (< 10  mm), a slightly lower 
β-factor of 300 gives the lowest RMSERC with a 10%-range of 200–600. Similarly 
to the RC results, the larger spheres (≥ 10  mm) would benefit from using a higher 
β-factor in the 800–1600 range, with 1200 providing the lowest RMSERC.

Clinical evaluation

The clinical PET data were reconstructed with β-factors 300–1000 based on the findings 
from the phantom study. The TACs for both blood pool and tumour VOIs are presented 
in Fig. 6 for both patients, together with the AUC. K1, k2, k3 and the estimated net influx 
rate (Ki) values from the kinetic analysis of the distribution of tracer for patient 1 and 2 
are presented in Table 1. For both patients, the tumour volume increased with increas-
ing β-factor. The tumour VOI had a volume of 3621–4695 mm3 and 1341–1883 mm3 for 
β-factors 300–1000 for patient 1 and 2, respectively. An increase in β-factor from 300 to 
1000 resulted in a decrease in 24.7% and 19.6% for the blood TAC AUC, and 24.7% and 
23.1% for the tumour TAC AUC for patient 1 and 2, respectively. In addition, the net 
influx rate of tracer increased with 30.8% and 20.2% for the two patients.

Fig. 3  RC (mean of five measurements) versus β-factor for various sphere sizes and acquisition times. The red 
dotted line represents a ratio of measured and known concentration of 1
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Discussion
In this study, we assessed the impact of β-penalization factor on accurate quantitation of 
dynamic PET scans using a Flangeless Esser PET Phantom (PET/FL/P). We found that 
β-factor, acquisition time and structure size influence measurement bias, variability, and 
accuracy. We also explored how the β-factor affected the pharmacokinetic analysis of 
clinical dynamic PET brain scans, observing changes in input and outcome parameters. 

Fig. 4  CVRC versus β-factor for various sphere sizes and acquisition times

Fig. 5  RMSERC versus β-factor for all spheres (blue), 10–25 mm spheres (red) and 4–7.9 mm spheres (yellow). 
The dotted lines represent a 10% change from the lowest RMSERC value



Page 9 of 13Lysvik et al. EJNMMI Physics           (2023) 10:65 	

For precise quantitation of dynamic PET scans in small geometries, β-factors in the 
300–500 range are recommended.

Dynamic PET datasets consist of time frames with varying durations and changing 
tracer concentrations, resulting in variable sets of images with both low- and high-count 
statistics, which influence the quantitative accuracy. To our knowledge, only one previ-
ous study has examined the β-factor’s impact on pharmacokinetic modelling in dynamic 
PET brain imaging [13]. The authors compared the use of Q.Clear with variable β-factors 
(100–1000 in increments of 100) was compared to OSEM-reconstructed data. A β-factor 
between 100 and 200 was recommended. However, the quantitative accuracy was not 

Fig. 6  Time activity curves (TACs) for the blood pool and tumour VOIs are shown in panels a and c. AUC of 
blood and tumour TACs are shown in panels b and d for β-factors 300–1000 for both patients

Table 1  K1 [ml/ccm/min], k2 [1/min], k3 [1/min] and Ki [ml/ccm/min] values from the kinetic 
analysis of the distribution of 18F-PSMA for patient 1 and 2

β- factor Patient 1 Patient 2

K1 k2 k3 Ki K1 k2 k3 Ki

300 0.348 4.002 0.082 0.007 0.550 4.974 0.114 0.012

500 0.369 4.847 0.108 0.008 0.758 7.961 0.142 0.013

700 0.312 4.774 0.134 0.009 0.643 7.994 0.178 0.014

900 0.290 4.809 0.155 0.009 0.547 8.000 0.220 0.015

1000 0.286 4.911 0.163 0.009 0.514 8.000 0.238 0.015
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assessed using a phantom study, and the study was based on a 11C-labelled tracer which 
has a poorer intrinsic spatial resolution due to longer positron range of 11C compared 
to 18F-labelled tracers. Our data showed that RCs are strongly overestimated and highly 
variable at these low β-factors when short acquisition times are used, and we therefore 
advise that a β-factor of 200 and less should be avoided for 18F-labelled tracers.

RMSERC combines RC deviation (bias) and CVRC (variability) to estimate overall accu-
racy. By averaging phantom results across sphere sizes and acquisition times, β-factors 
between 300 and 1000 provided similar accuracy, to within 10% of the minimal RMSERC 
(Fig. 5) with small and large spheres optimized at the ends of this range. For small struc-
tures (< 10  mm), a β-factor between 200 and 600 is favourable, but the RCs of small 
structures are very sensitive to β-factors within this range, in particular for short frame 
durations (Fig. 3). For example, for the 5-mm sphere with a 10-s acquisition time, chang-
ing the β-factor from 200 to 600 results in going from 40% overestimation to 60% under-
estimation of measured activity. Small β-factors enhance image detail, but supress less 
noise, leading to RC values exceeding 1 at short acquisition times, despite PVE. However, 
variability is high (Fig.  4). For instance, for the 10-s frame, the 5-mm sphere achieves 
nearly perfect RC at β-factor 300, but with a CVRC above 50%. Increasing the acquisition 
time to 2 min reduces noise and results in a 62% and a 77% underestimation of the meas-
ured activity for β-factors 200 and 600, respectively. Importantly, this improves CVRC 
to below 20% for β-factors starting at 300. Based on RC, a β-factor of 600 may be too 
high for small structures, but could be considered if low variability is of high importance 
(Figs. 4 and 5). Larger regions of interest can allow for the use of higher β-factors.

Teoh et al. [8] recommend a β-factor of 400 based on both phantom and clinical data. 
The phantom study included only one acquisition time and spheres ≥ 10 mm. The results 
are in accordance with the study by Tian et al. [17], where the authors also recommend 
a β-factor of 400. Caribé and colleagues [9] supplemented these studies by including 
five different acquisition times (1, 2.5, 5, 10 and 20 min) and showed that a β-factor of 
300–400 is favourable for maximizing the CR for spheres ≥ 10 mm. These studies focus 
only on maximizing CR and lesion detectability, and not on the accuracy of the meas-
urements which is the primary end point of quantitative imaging. With modern digi-
tal PET systems and advanced image reconstruction algorithms, the spatial resolution 
of PET has improved, and smaller structures should be included in phantom studies. 
For the PET/CT system tested in this study (Discovery MI PET/CT), the axial spatial 
resolution as measured following the NEMA NU2-2012 procedure is 3.9  mm [12]. 
We have therefore included spheres sizes in the range from 4 to 25 mm diameter. Our 
findings are comparable with the work by Miwa et al. [18], who assessed the impact of 
β-factors (range: 50–400) on the measurement bias for small structures ranging from 4 
to 13 mm diameter. For a typical clinical acquisition time of 2 min, Miwa and colleagues 
reported that the RCs for β-factors between 50 and 100 were overestimated, whereas 
for β-factors between 300 and 400, the RCs were underestimated. They conclude that a 
β-factor of 200 is optimal for detecting sub-centimetre lesions, but did not investigate 
shorter acquisition durations than 2 min. In our study, we observed that shorter acquisi-
tion times warrant slightly higher β-factors. In fact, we saw that a β-factor of 200 was a 
valid option for 1–5 min acquisitions but would result in a significant overestimation of 
RC for shorter acquisition times.
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Quantitation of dynamic PET data involves noise reduction in the curve fitting pro-
cess included in the pharmacokinetic analysis, making high CVRC less problematic 
than in static exams. Nevertheless, CVRC values are high at low-count statistics, in 
particular in small structures (Fig. 3). The smoothing effect of curve fitting will also be 
less helpful in areas of the TACs with rapid changes, and in particular near maxima 
because a sharp peak may only span one frame. This is particularly relevant in the spe-
cial case of brain imaging with an IDIF derived from the intracranial ICA. The IDIF 
increases immediately after the bolus injection and peaks during the short frames at 
the start. When comparing count statistics in the clinical data with the phantom data, 
we see that the count statistics in the peak of the blood pool TAC, with 10-s frames, 
matches the count statistics in the 30-s frame in the phantom. We also see that the 
count statistics in the tumour VOI matches the count statistics in the 5-min frames 
in the phantom. The β-factor could be optimized individually for different frames 
lengths, leading to several β-factors in a dynamic dataset. This will most likely not be 
applied in clinical routine, but could be applied in a research protocol.

The AUC of the input function reflects the total concentration of tracer in blood 
and is a key component in the pharmacokinetic analysis of dynamic PET data. In our 
clinical data, we found that increasing the β-factor reduced the AUC of the intrac-
ranial ICA-segmented input function, primarily due to increased PVE. However, 
these effects were less pronounced than those observed in the 5-mm sphere, where 
RC changed more than 70% in this β range for the 10-s frames, and about 39% in the 
5-min frames. While PVE correction could provide a more robust IDIF, we opted not 
to apply it in this study to focus on the direct impact of β-factors. Different tracers 
lead to varying target region dynamics, but typically the TAC increases slower than 
for the blood pool TAC before either dropping back down or going into a plateau. 
With respect to frame durations, the IDIF and tumour provide AUC at different ends 
of the protocol and will be affected differently by the β-factor. Nevertheless, our clini-
cal data showed similar β-factor dependency for both the IDIF and lesions, suggest-
ing that some dependencies on count statistics may offset each other in practice. This 
β-factor effect on Ki, while moderately strong, should be considered when designing 
protocols and interpreting findings, as a 20% change may or may not be clinically sig-
nificant. Ki values offer diagnostic and staging insights, along with tracking disease 
progression and treatment response.

Several study limitations should be noted. Firstly, in clinical dynamic PET scans, 
tracer concentration varies in tissues and blood, unlike in the constant conditions 
of the phantom study. Previous studies have shown that tissue to background ratio 
affects the choice of β-factor [10, 18]. Secondly, the phantom study is based on spheres 
of specific sizes, which may not directly apply to voxel-based quantification but 
still informs analysis of structures of variable size. Thirdly, the phantom’s small size 
(20  cm diameter) may not represent whole-body scans, especially in larger patients 
with potentially higher noise levels [19]. Fourthly, an absolute quantification of tracer 
kinetics requires a metabolite-corrected plasma function as an input function. Even 
though the IDIF extracted in the clinical example represents radioactivity concentra-
tion in whole blood, it will not affect the scope of this study because the same method 
was applied to all β-factors. Lastly, we used a 10% peak RC measurement, which 
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should be considered when interpreting results. Despite these limitations, our find-
ings can guide optimized reconstruction protocols for dynamic PET quantification.

Conclusion
This study showed that the choice of β-factor impacts the quantitation of dynamic PET 
scans. A favourable β-factor provides a balance between accuracy and variability. How-
ever, the accuracy will be the most prominent metric in a pharmacokinetic analysis of 
dynamic PET data. Based on these results, we suggest a β-factor of 300–500 for quanti-
tation of small structures with dynamic PET imaging, while larger structures may benefit 
from higher β-factors.

Abbreviations
AUC​	� Area under curve
CR	� Contrast recovery
CT	� Computed tomography
CV	� Coefficient of variation
FOV	� Field of view
ICA	� Internal carotid artery
IDIF	� Image derived input function
NEMA	� National electrical manufacturers association
OSEM	� Ordered subset expectation maximation
PET	� Positron emission tomography
PSF	� Point spread function
PSMA	� Prostate-specific membrane antigen
PVE	� Partial volume effect
RC	� Recovery coefficient
RMSE	� Root-mean-square error
SD	� Standard deviation
SUV	� Standardized uptake value
TAC​	� Time activity curve
TOF	� Time of flight
VOI	� Volume of interest

Acknowledgements
The authors would like to thank the staff at the Department of Nuclear Medicine, Radiumhospitalet, Oslo University 
Hospital, Oslo, Norway, for their assistance during the clinical PET scans.

Author contributions
E.K.L and T.H. designed and acquired the data for the phantom study. E.K.L. and L.T.G.M. were responsible for the analysis 
of the phantom data. T.H., K.E.E. and M.E.R.R. contributed to the design of the clinical study. E.K.L. was responsible for the 
analysis of the patient data. All authors contributed to the interpretation of data, drafting and revising of manuscript. All 
authors read and approved the final manuscript.

Funding
Open access funding provided by University of Oslo (incl Oslo University Hospital) This work is funded by The Research 
Council of Norway (grant NO 303249) and the Norwegian Cancer society. None of the funders had a role in the design of 
the study, the collection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
The phantom data and MATLAB code used during the current study are available from the corresponding author on 
reasonable request. The clinical data included in the present study are part of an ongoing clinical trial at Oslo University 
Hospital and will be shared at study end.

Declarations

Ethics approval and consent to participate
The clinical study was approved by the Norwegian National Research Ethics Committee and Institutional Review Board 
of Oslo University Hospital (2017/1875). All included subjects gave their written and informed consent.

Consent for publication
By informed consent, all patients agreed to have their data published.

Competing interests
The authors declare that they have no competing interests.



Page 13 of 13Lysvik et al. EJNMMI Physics           (2023) 10:65 	

Received: 19 June 2023   Accepted: 12 October 2023

References
	1.	 Croteau E, Lavallée E, Labbe SM, Hubert L, Pifferi F, Rousseau JA, et al. Image-derived input function in dynamic 

human PET/CT: methodology and validation with 11C-acetate and 18F-fluorothioheptadecanoic acid in muscle 
and 18F-fluorodeoxyglucose in brain. Eur J Nucl Med Mol Imaging. 2010;37(8):1539–50.

	2.	 Rausch I, Cal-González J, Dapra D, Gallowitsch HJ, Lind P, Beyer T, et al. Performance evaluation of the Biograph mCT 
Flow PET/CT system according to the NEMA NU2-2012 standard. EJNMMI Phys. 2015;2(1):26.

	3.	 Pan T, Einstein SA, Kappadath SC, Grogg KS, Lois Gomez C, Alessio AM, et al. Performance evaluation of the 5-Ring 
GE Discovery MI PET/CT system using the national electrical manufacturers association NU 2–2012 Standard. Med 
Phys. 2019;46(7):3025–33.

	4.	 Chicheportiche A, Marciano R, Orevi M. Comparison of NEMA characterizations for discovery MI and discovery 
MI-DR TOF PET/CT systems at different sites and with other commercial PET/CT systems. EJNMMI Phys. 2020;7(1):4.

	5.	 Krejza J, Arkuszewski M, Kasner SE, Weigele J, Ustymowicz A, Hurst RW, et al. Carotid artery diameter in men and 
women and the relation to body and neck size. Stroke. 2006;37(4):1103–5.

	6.	 Zanotti-Fregonara P, el Fadaili M, Maroy R, Comtat C, Souloumiac A, Jan S, et al. Comparison of eight methods for the 
estimation of the image-derived input function in dynamic [(18)F]-FDG PET human brain studies. J Cerebral Blood 
flow and Metabol: Official J Int Soc Cerebral Blood Flow and Metabol. 2009;29(11):1825–35.

	7.	 Ross SQ, Clear white paper. Waukesha: GE Healthcare; 2014.
	8.	 Teoh EJ, McGowan DR, Macpherson RE, Bradley KM, Gleeson FVJJoNM. Phantom and clinical evaluation of the 

Bayesian penalized likelihood reconstruction algorithm Q Clear on an LYSO PET/CT system. J Nuclear Med. 
2015;56(9):1447–52.

	9.	 Caribé P, Koole M, D’Asseler Y, Van Den Broeck B, Vandenberghe S. Noise reduction using a Bayesian penalized-
likelihood reconstruction algorithm on a time-of-flight PET-CT scanner. EJNMMI Phys. 2019;6(1):22.

	10.	 Te Riet J, Rijnsdorp S, Roef MJ, Arends AJJE. Evaluation of a Bayesian penalized likelihood reconstruction algorithm 
for low-count clinical 18 F-FDG PET/CT. EJNMMI Phys. 2019;6(1):1–14.

	11.	 Reynés-Llompart G, Gámez-Cenzano C, Vercher-Conejero JL, Sabaté-Llobera A, Calvo-Malvar N, Martí-Climent JM. 
Phantom, clinical, and texture indices evaluation and optimization of a penalized-likelihood image reconstruction 
method (Q.Clear) on a BGO PET/CT scanner. Med Phys. 2018;45(7):3214–22.

	12.	 Nema NJR, VA: National Electrical Manufacturers Association. NU 2–2012: performance measurements of positron 
emission tomographs. 2012.

	13.	 Ribeiro D, Hallett W, Howes O, McCutcheon R, Nour MM, Tavares AAS. Assessing the impact of different penalty 
factors of the Bayesian reconstruction algorithm Q.Clear on in vivo low count kinetic analysis of [(11)C] PHNO brain 
PET-MR studies. EJNMMI Res. 2022;12(1):11.

	14.	 Hoffman EJ, Huang SC, Phelps ME. Quantitation in positron emission computed tomography: 1 Effect of object size. 
J Comput Assist Tomogr. 1979;3(3):299–308.

	15.	 Brown CE. Coefficient of Variation. Applied Multivariate Statistics in Geohydrology and Related Sciences. Berlin, 
Heidelberg: Springer Berlin Heidelberg; 1998. p. 155–7.

	16.	 Logan J, Fowler JS, Ding Y-S, Franceschi D, Wang G-J, Volkow ND, et al. Strategy for the formation of parametric 
images under conditions of low injected radioactivity applied to PET studies with the Irreversible monoamine 
oxidase a tracers [11C] Clorgyline and Deuterium-Substituted [11C] Clorgyline. J Cerebral Blood Flow & Metabol. 
2002;22:1367–76.

	17.	 Tian D, Yang H, Li Y, Cui B, Lu J. The effect of Q Clear reconstruction on quantification and spatial resolution of 18F-
FDG PET in simultaneous PET/MR. EJNMMI Phys. 2022;9(1):1–2.

	18.	 Miwa K, Wagatsuma K, Nemoto R, Masubuchi M, Kamitaka Y, Yamao T, et al. Detection of sub-centimeter lesions 
using digital TOF-PET/CT system combined with Bayesian penalized likelihood reconstruction algorithm. Ann 
Nuclear Med. 2020;34(10):762–71.

	19.	 Usmani S, Ahmed N, Gnanasegaran G, Rasheed R, Marafi F, Alnaaimi M, et al. The clinical effectiveness of reconstruct‑
ing 18F-sodium fluoride PET/CT bone using Bayesian penalized likelihood algorithm for evaluation of metastatic 
bone disease in obese patients. British J Radiol. 2021;94:20210043.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Optimization of Q.Clear reconstruction for dynamic 18F PET imaging
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 
	Trial registration: 

	Background
	Materials and methods
	Phantom study
	Phantom
	Data acquisition and reconstructions
	Data analysis

	Clinical evaluation
	Data acquisition and image reconstruction
	Pharmacokinetic analysis


	Results
	Phantom study
	Clinical evaluation

	Discussion
	Conclusion
	Acknowledgements
	References


