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Abstract 

Background: New digital detectors and block-sequential regularized expectation 
maximization (BSREM) reconstruction algorithm improve positron emission tomogra-
phy (PET)/magnetic resonance (MR) image quality. The impact on image quality may 
differ from analogue PET/computed tomography (CT) protocol. The aim of this study 
is to determine the potential reduction of injected  [68Ga]Ga-DOTA-TATE activity for digi-
tal PET/MR with BSREM reconstruction while maintaining at least equal image quality 
compared to the current analogue PET/CT protocol.

Methods: NEMA IQ phantom data and 25 patients scheduled for a diagnostic PET/
MR were included. According to our current protocol, 1.5 MBq  [68Ga]Ga-DOTA-TATE 
per kilogram (kg) was injected. After 60 min, scans were acquired with 3 (≤ 70 kg) or 4 
(> 70 kg) minutes per bedposition. PET/MR scans were reconstructed using BSREM 
and factors β 150, 300, 450 and 600. List mode data with reduced counts were recon-
structed to simulate scans with 17%, 33%, 50% and 67% activity reduction. Image 
quality was measured quantitatively for PET/CT and PET/MR phantom and patient 
data. Experienced nuclear medicine physicians performed visual image quality scoring 
and lesion counting in the PET/MR patient data.

Results: Phantom analysis resulted in a possible injected activity reduction of 50% 
with factor β = 600. Quantitative analysis of patient images revealed a possible injected 
activity reduction of 67% with factor β = 600. Both with equal or improved image 
quality as compared to PET/CT. However, based on visual scoring a maximum activ-
ity reduction of 33% with factor β = 450 was acceptable, which was further limited 
by lesion detectability analysis to an injected activity reduction of 17% with factor 
β = 450.

Conclusion: A digital  [68Ga]Ga-DOTA-TATE PET/MR together with BSREM using factor 
β = 450 result in 17% injected activity reduction with quantitative values at least similar 
to analogue PET/CT, without compromising on PET/MR visual image quality and lesion 
detectability.
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Background
Neuroendocrine tumours (NETs) are a rare group of slow growing tumours, originat-
ing from neuroendocrine cells in predominantly the gastrointestinal tract and lungs. 
The majority of these tumours present a high number of somatostatin receptors (SSTR) 
on their cell surface. The presence of SSTR enables diagnosis and treatment with radi-
olabelled somatostatin analogues (SSA). At this moment, Positron Emission Tomogra-
phy/Computed Tomography (PET/CT) using 68Gallium labeled somatostatin analogues 
 ([68Ga]Ga-DOTA-SSA) plays a pivotal role in diagnosis and staging of patients with 
NETs [1, 2]. In the last decade, integrated PET/Magnetic Resonance (PET/MR) was 
introduced allowing for simultaneous PET and MR acquisitions. The most important 
advantage of PET/MR compared to PET/CT for patients with NETs is the higher soft 
tissue contrast of the MR part, especially in the liver, resulting in the detecting of more 
liver metastases [3–12]. Also, MR based attenuation correction (AC) does not increase 
radiation burden of the patient [13–16]. A drawback, however, is that MR-AC is less 
accurate than CT-AC and may result in a bias of the standard uptake value (SUV) [17–
20]. Although, using time of flight (TOF) reconstructions improves the accuracy of PET/
MR images [11, 20–25]. In this study an analogue Siemens Biograph mCT PET/CT (Sie-
mens Healthineers AG, Erlangen, Germany) is compared with a digital GE Signa 3.0 T 
PET/MR (General Electric Healthcare, Milwaukee, WI, USA). The PET/MR system 
provides a higher sensitivity due to smaller detector ring diameter and the longer axial 
field of view (FOV) [26–29]. The simultaneous acquisition of PET and MR result in a 
higher temporal resolution [30, 31]. The digital silicon photomultiplier detectors (SiPM) 
of the PET/MR system enable faster TOF resolution [26, 29, 32–35]. Apart from these 
hardware factors, application of block-sequential regularized expectation maximization 
(BSREM) reconstruction algorithm on the PET/MR system, which uses a penalization 
factor β for noise suppression, improves contrast and lowers noise levels compared to 
ordered subset expectation maximum (OSEM3D) reconstructions [36–39]. These fea-
tures can be exploited to achieve a reduction in amount of injected activity while main-
taining diagnostic image quality. Several studies have investigated the possible reduction 
of the injected amount 18Fluorine-fluoro-2-deoxyglucose  ([18F]FDG) activity for digital 
TOF PET/MR compared to analogue TOF PET/CT and found possible reductions of 
37- 50% [25, 26, 29] using OSEM3D reconstructions. Currently it is unknown whether 
these findings with  [18F]FDG may be directly extrapolated to  [68Ga]Ga-DOTA-SSA PET/
MR, because of differences in half-life, positron range, effect of magnetic field on posi-
tron range and biodistribution [40–43]. Therefore, the aim of this study is to determine 
the possible reduction in injected activity of  [68Ga]Ga-DOTA-TATE for digital PET/MR 
with BSREM reconstruction while maintaining at least an equal diagnostic image quality 
compared to the current analogue PET/CT protocol.

Methods
Phantom preparation

A National Electrical Manufacturers Association (NEMA) image quality (IQ) phantom 
with sphere diameters 10, 13, 17, 22, 28 and 37  mm was scanned consecutively with 
sphere to background ratios of 10:1, 4:1, and 2:1 to assess the image quality. The spheres 
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and background were filled with  [68Ga]Ga-diethylene-triamine-pentaacetate  ([68Ga]Ga-
DTPA). The experiment started with a ratio of 10:1 and the spheres with 38.9 kBq/ml 
and the background with 4.0 kBq/ml at start of the PET/MR acquisition. After one and 
two hours extra activity was added to the background to achieve sphere to background 
ratios of 4:1 (22.1 kBq/ml: 5.2 kBq/ml) and 2:1 (12.0 kBq/ml: 5.4 kBq/ml) at the start of 
the PET/MR acquisition. Since PET/MR in patients is acquired with arms positioned 
downward adjacent to the body we also positioned two 500 ml plastic bottles filled with 
0.32 kBq/ml beside the phantom during each PET/MR acquisition and an additional 10:1 
PET/CT acquisition to simulate the attenuation and background signal from the arms.

Phantom acquisition

Phantom acquisitions of two bed positions with acquisition times of 90 (10:1), 180 (4:1) 
and 360 (2:1) seconds were acquired with the clinical scan protocol on the GE Signa 
3.0 T PET/MR (General Electric Healthcare, Milwaukee, WI, USA) and consecutively on 
the Siemens Biograph mCT PET/CT (Siemens Healthineers AG, Erlangen, Germany). 
Table 1 shows the most prominent system specifications of both PET cameras [40, 44–
46]. Acquisition times for 4:1, 2:1 PET/MR and PET/CT were prolonged to compensate 
for radioactive decay, providing an equal amount of photon pairs for the spheres during 
all acquisitions.

Patient data

This study was approved by the Medical Ethical Committee of the Erasmus MC (MEC-
2021–0209). Written informed consent was obtained from all the patients, and proce-
dures were in accordance with the Declaration of Helsinki of 1964, as revised in 2013. 
Patients (n = 25) who were scheduled for 68Ga-DOTA-TATE PET/MR at the Erasmus 
MC for staging or restaging of NETs, were included; of whom five patients (n = 2 men, 
n = 3 women; mean age 38.2 ± 10.4 years) were included retrospectively between Sep-
tember 2020 and October 2021 and twenty (n = 8 men, n = 12 women: 48.6 ± 17.1 years) 
were included prospectively between February 2021 and February 2022. Inclusion cri-
teria were: injected activity within 10% of the prescribed activity, PET acquisition 
time at 60 ± 6  min after injection. Patients with extensive liver tumour involvement 
were excluded. Subsequent scanning of the same patients on PET/CT and PET/MR 
was considered unethical by the COVID-19 regulations of our institution. To enable 

Table 1 System specifications

PMT photomultiplier, ps picoseconds, FOV: field of view, NECR: noise equivalent count rate, cps: counts per second, kBq: 
kilobecquerel

GE Signa PET/MR Siemens Biograph mCT PET/CT

Scintilator Lutetium‐yttrium oxyorthosili-
cate (LYSO)

Lutetium oxyorthosilicate (LSO)

Photodetector SiPM PMT

TOF (ps) < 400 < 540

Axial view FOV (cm) 25 21.6

Trans-axial FOV(cm) 60 78

peak NECR (kcps @ kBq/ml) 216.8 @ 18.6 181.0 @ 25.2

Sensitivity at 10 cm offset (cps/kBq) 21 10
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comparison of patient image quality between the scanners, previous (7 – 28  months 
prior) 68Ga-DOTA-TATE PET/CTs of six patients with stable disease (no additional 
lesions on PET/MR) were also included in the analysis.

68Ga‑DOTA‑TATE PET/MRI patient acquisition

Patients were prepared according to the same protocol used for the  [68Ga]Ga-DOTA-
TATE PET/CT. This protocol was optimized for sufficient image quality and lesion 
detectability in a previous study of Cox et al. [47]. Scans were planned just before the 
patients’ next scheduled monthly dose of long-acting somatostatin analogues (e.g., San-
dostatine LAR, Novartis Pharma BV). Patients were stimulated to drink 1 l of water dur-
ing the two hours before intravenous injection of 1.5 MBq/kg (mean 121.6 ± 24.5 MBq) 
 [68Ga]Ga-DOTA-TATE [47]. PET/MR acquisitions were started 60 ± 3 min after tracer 
injection in supine position with the arms down. Whole body list mode PET images 
were acquired with an acquisition time of 3 (≤ 70  kg) or 4 (≥ 71  kg) minutes per bed 
position (min/bp). Simultaneously, standard MR sequences were acquired for attenua-
tion correction (AC) (proton density weighted zero echo time (ZTE) and Dixon) and for 
anatomic correlation (T1-LAVA flex and T2-FrFSE Flex).

68Ga‑DOTA‑TATE PET/CT patient acquisition

PET/CT patient preparation, tracer injection and acquisition times were identi-
cal to the PET/MR exams. PET/CT scans were acquired in supine position with the 
arms positioned upward over the head according the protocol as used before by Cox 
et al. [47]. Acquisitions started at 60 ± 4 min after injection of 119.0 ± 22.0 MBq  [68Ga]
Ga-DOTA-TATE.

Phantom image reconstruction

PET/MR data were reconstructed with BSREM (Q.Clear) using TOF, point spread func-
tion modelling (PSF) and all standard corrections, of which scatter and attenuation cor-
rection were applied with a modified attenuation map as the MR-AC algorithm is not 
suitable for phantom imaging [48]. This map was obtained using an in-house developed 
Python tool that combined a previously acquired CT based attenuation map of the phan-
tom with manufacturer MR coil templates. Reconstructions were performed with noise 
penalization factors β of 150, 300, 450 and 600 with a matrix of 256 × 256 and a voxel 
size of 2.34 × 2.34 × 2.78  mm3. In addition, the list-mode data of the standard NEMA 4:1 
scan were also reconstructed with reduced acquisition times to simulate PET scans with 
simulated activity reductions of 17%, 33%, 50%, and 67%.

PET/CT data were reconstructed using OSEM3D with PSF, TOF, all standard correc-
tions, 3 iterations, 21 subsets, a 3 mm Gaussian post reconstruction filter, a matrix of 
200 × 200 and a voxel size of 4.1 × 4.1 × 3.0  mm3.

Patient image reconstruction

PET/MR data were corrected for attenuation and scatter with truncation completion 
and a hybrid ZTE/Dixon MR-AC method and reconstructed using the same parameters 
that were used in the phantom reconstructions. List-mode data were also reconstructed 
with reduced acquisition times to simulate injected activity reductions of 17%, 33%, 
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50%, and 67%. Patient PET/CT data were reconstructed as described for the phantom 
reconstructions.

Phantom quantitative image quality analysis

The image quality measurements were based on the method proposed by Lindström 
et al. [36] and also used in other studies [39, 49]. As a measure of image noise, the back-
ground variability (BV) was calculated by dividing the standard deviation (SD) by the 
mean activity concentration in 6 cylindrical background volumes of interest (VOI) 
(diameter, ø = 27 mm × 70 mm). Spherical VOI’s matching the physical fillable volume 
were used for measurements of the spheres. The contrast-to-noise ratio (CNR) of each 
sphere was calculated by dividing contrast recovery (CR) (Eq. 1) by BV.

where CH and CB are counts in the spheres and background VOI’s and aH and aB, are 
the activities in the spheres and background VOI. Above image analysis was automated 
by an in-house developed Python script.

Patient quantitative image quality analysis

Quantitative analysis of patient scans was performed using Hermes Hybrid viewer 
2.6D software (Hermes Medical Solutions, Stockholm, Sweden). A VOI was placed in 
a lesion-free homogeneous part of the right liver lobe (diameter, ø = 3 cm) at least 1 cm 
from the edge of the liver to avoid partial volume effects. For each patient, VOIs were 
placed at the exact same location throughout all reconstructions and SD and liver mean 
standard uptake value (SUVmean) were measured. For up to three lesions per patient, a 
50% threshold of SUVmax VOI or if this was not possible a fixed VOI within the lesion 
boundaries, was placed to measure lesion SUVmax. With these values, the following 
parameters were calculated according to method described by Lindström et al.[36] and 
adopted by other studies [39, 49, 50]:

Visual image quality and lesion detectability analysis

The anonymized reconstructions were assessed by three readers. These experienced 
nuclear medicine physicians were blinded to patient data. Using OsiriX MD (Pixmeo 
SARL, Geneva, Switzerland) software the readers scored the reconstructions accord-
ing to the method proposed by Halpern [51] and previously used in a similar setting 

(1)CR =

CH
CB − 1
aH
aB − 1

,

(2)Liver noise normalized to liver SUVmean (Liver noise) =
Liver SD

Liver SUVmean
,

(3)Lesion signal to noise ratio (Lesion SNR) =
Lesion SUVmax

Liver noise
,

(4)Lesion signal to background ratio (Lesion SBR)=
Lesion SUVmax

Liver SUVmean
.
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[47]. The reconstructions were presented to the readers from 67 to 0% simulated activity 
reductions to avoid lesion recognition bias that might be introduced by viewing images 
with higher count statistics prior to images with lower count statistics. For subjective 
visual diagnostic image quality analysis, a four-point scoring scale was used: non-diag-
nostic (0), poor (1), moderate (2), or good (3). For lesion detectability, the physician 
recorded the number of somatostatin receptor (SSTR) positive lesions in all reconstruc-
tions for one selected body region (head/neck, thorax or abdomen) per patient. As ref-
erence, the number of lesions were compared with the 0% simulated activity reduction 
reconstruction with β = 300.

The visual analysis was performed in a two-step process, a method adapted from 
Bjöersdorff et  al. [52] and Reynes et  al. [53]. First, to find the optimal value for β for 
each simulated activity reduction step, lesion counting and scoring was performed by 
one reader for 20 reconstructions (4 different β values and 5 different levels of simulated 
activity reduction) of five random patients. For each simulated activity reduction step, 
images with a sufficient visual image quality (score ≥ 2) and lesion detectability (> 90%) 
were selected. If multiple β values per simulated activity reduction step were eligible, the 
reconstruction with the smallest difference in lesion SUVmax compared to the PET/CT 
was selected.

In the second step, lesion counting and scoring was conducted by two other readers 
for each simulated activity reduction and corresponding optimal β-value as obtained in 
the first step.

Statistical analysis

Graphpad PRISM version 9 was used to test for significant differences in liver noise, 
lesion SNR, lesion SBR, lesion SUVmax between the clinical 0% simulated activ-
ity reduction with factor β = 300 or PET/CT reconstructions and the other simulated 
activity reduction reconstructions. A repeated measures analysis of variance (ANOVA) 
(α = 0.05) (including Mauchly’s test of sphericity with a Greenhouse–Geisser correction 
for nonsphericity) or a non-parametric Friedman test (α = 0.05) was performed, after 
testing the data for normality by a Shapiro–Wilk test (α = 0.05). Respectively, Dunnett’s 
or Dunn’s multiple comparison post hoc test was used to identify significant differences 
between reconstructions. These tests were also used to assess significant differences in 
visual scoring and lesion detectability of the final analysis between the 0% with factor 
β = 300 and other simulated activity reductions. IBM SPSS statistics version 28 was used 
for determining inter-rater reliability with Cohen’s kappa for visual scoring and with the 
intraclass correlation coefficient (ICC) for lesion detectability. ICC was calculated using 
a 2-way mixed-effects model with single rater and absolute-agreement [54].

Results
Phantom quantitative image quality analysis

Figure 1 displays the results from the phantom study, showing BV and CNR measured 
in the PET/CT and the 0% simulated activity reduction PET/MR reconstructions for the 
different sphere to background ratios. Each increase of 150 in factor β (150 to 300, 300 
to 450 and 450 to 600) results in a lower BV (on average about -35%, -21% and -14%) 
and a higher mean CNR (on average about + 35%, + 20% and + 14%) for all sphere to 
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background ratios. PET/MR reconstructions with factor β ≥ 300 for ratio’s 4:1 and 10:1 
outperform PET/CT for BV (≤ –9%) and mean CNR (≥ + 10%) and with factor β ≥ 450 
for ratio 2:1 (≤ -16% (BV) and ≥  + 8% (mean CNR)), whereas reconstructions with fac-
tor β = 600 achieved the lowest BV and highest CNR. Furthermore, positioning of bot-
tles next to the phantom results in a slightly higher BV (+ 5%) (Fig. 1A) and a slightly 
lower mean CNR (-5%) in PET/CT (Fig. 1D).

The effect of simulated activity reduction on BV and CNR in PET/MR reconstruc-
tions with sphere to background ratio 4:1 is shown in Fig.  2. Lower BV and higher 
CNR than PET/CT can be seen in PET/MR reconstructions with factor β ≥ 300 for 
17% (≤ -3% and ≥ 0%) simulated activity reduction (Fig.  2A + B), factor β ≥ 450 for 
33% (≤ −15% and ≥  + 4%) simulated activity reduction (Fig. 2C + D). Whereas a simu-
lated activity reduction of 50% (Fig. 2E + F) results in a lower BV (≤ −2%) with factor 
β ≥ 450, although CNR was lower (− 5%) for factor β = 450 and higher (+ 7%) for factor 
β = 600 compared to PET/CT. Figure 2E + H shows that a simulated activity reduction 
of 67% will result in higher BV (≥ + 3%) and lower CNR (≤ -53%) than PET/CT for all 
reconstructions.

Patient quantitative image quality analysis

Figure 3A–D presents the comparison of quantitative results of 30 lesions (0.11–38  cm3) 
between the 0% simulated activity reduction with factor β = 300 and the other simulated 
activity reductions. As can be seen from the figure, each increase in factor β (150 to 300, 
300 to 450 and 450 to 600) result in a decrease in liver noise (Fig. 3A on average about 
− 38%, − 22% and − 15%), lesion SBR (Fig. 3C on average about −15%, − 7% and − 6%) 
and lesion SUVmax (Fig.  3D on average about − 15%, − 9% and − 5%) for all simu-
lated activity reductions, whereas lesion SNR (Fig.  3B on average about + 30%, + 14% 
and + 9%)) increased for all simulated activity reductions. Further analyze indicates that 
an increase of factor β to 450 (17% and 33%) and 600 (50%) is needed to maintain at 

Fig. 1 Phantom BV (A–C) and CNR (D–F) of the PET/CT OSEM3D reconstruction and the PET/MR BSREM 0% 
simulated activity reduction reconstructions with different values of factor β. Sphere to background ratios are 
10:1 (A + D), 4:1 with (B + E) and 2:1 (C + F)
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least equal median liver noise (Fig.  3A). Although, to maintain at least equal median 
lesion SNR, a further increase of factor β is needed for ≥ 33% simulated activity reduc-
tions (Fig. 3B). In contrast to liver noise and lesion SNR, lesion SBR (Fig. 3C) and SUV-
max (within 15%) (Fig. 3D) values remained similar with factor β = 300 for all simulated 
activity reductions.

The quantitative results of the comparison between the PET/CT reconstruction 
and the simulated activity reductions of 6 patients with stable disease are displayed in 
Fig. 4. Figure 4A and B show that an increase of factor β = 300 is only required for 50% 
(β = 450) and 67% (β = 600) to obtain at least similar mean liver noise and mean lesion 

Fig. 2 Comparing phantom BV (A, C, E, G) and CNR (B, D, F, H) of PET/CT OSEM3D reconstruction and PET/
MR BSREM reconstructions with different values of factor β and simulated activity reductions of 17% (A + B), 
33% (C + D), 50% (E + F) and 67% (G + H) in a sphere to background ratio of 4:1
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SNR than PET/CT. Whereas, lesion SBR (Fig. 4C) and lesion SUVmax (Fig. 4D) (within 
15%) resulted in at least similar mean values compared to PET/CT with factor β = 300 
for all simulated activity reductions.

Visual image quality and lesion detectability analysis

Figure  5 shows the scoring and lesion counting for all reconstructions in five random 
patients. All lesions were detected and the visual image quality was scored as sufficient 
for 17% simulated activity reductions with factor β ≥ 300. For 33% with factor β ≥ 450 
and 50% with factor β = 600 simulated activity reductions, sufficient image quality was 
obtained for while 94% of the lesions (one lesion not detected compared to reference 
number of lesions) were detected. Optimal β-values were determined at factor β = 450 
for 17%, factor β = 450 for 33% and β = 600 for 50% simulated activity reductions. For 
17% and 33% simulated activity reductions multiple factor β-values were eligible and 
optimal values were chosen based on SUVmax.

Table 2 provides an overview of the visual scores for each simulated activity reduction 
step with the optimal factor β-value for all patients per reader. As can be seen from the 
table, almost all simulated activity reductions scored at least moderate. The mean visual 

Fig. 3 Box plots of liver noise (A), lesion SNR (B), lesion SBR (C) and lesion SUVmax comparison between 0% 
simulated activity reduction with factor β = 300 and 17%, 33%, 50% and 67% simulated activity reductions 
reconstructed with different values of factor β (150, 300, 450 and 600). Box plots of simulated activity 
reductions with equal or improved values compared to 0% simulated activity reduction with factor β = 300 
(red) are displayed in black. The central line of the box plot represents the median value. The whiskers extent 
to the minimum and maximum values or 1.5 interquartile range (IQR) of the lower and the upper quartiles. 
Values outside the 1.5 IQR are plotted. Significant differences (p ≤ 0.05) compared to 0% simulated activity 
reduction with factor  β = 300 determined by Friedman test with additional Dunn’s multiple comparisons test 
are indicated with asterisks
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score was highest for 17% simulated activity reduction with factor β = 450, although 
this mean visual score was not significantly (p > 0.999) higher than 0% simulated activity 
reduction. Whereas, the mean visual score was significantly (p = 0.020) lower for 50% 
simulated activity with factor β = 600. Furthermore, the table shows fair inter-rater relia-
bility between both readers for 17% simulated activity reduction with factor β = 450 and 
slight inter-rater reliability for 0% simulated activity reduction with factor β = 300.

The results of the lesion detectability analysis are displayed in Table  3. In contrast 
to visual scoring, lesion detectability analysis resulted in excellent inter-rater reliabil-
ity between both readers. Similar to visual scoring, lesion detectability is significantly 

Fig. 4 Box plots of liver noise (A), lesion SNR (B), lesion SBR (C) and lesion SUVmax comparison between 
PET/CT and simulated activity reductions (0%, 17%, 33%, 50% and 67%) with different values of factor β (150, 
300, 450 and 600). Box plots of reconstructions with equal or improved values compared to PET/CT (red) are 
displayed in black. The central line of the box plot represents the median value and the square the mean 
value. The whiskers extent to the minimum and maximum values. Statistically significant differences (p ≤ 0.05) 
with PET/CT mean values determined by repeated measures ANOVA with additional Dunnett’s multiple 
comparisons test are indicated with asterisks

Fig. 5 Visual score (A), simulated activity reductions with all scores ≥ 2 (sufficient image quality) can be 
found on or above the dashed line. Lesion detectability (B), simulated activity reductions with a lesion 
detectability ≥ 94% are displayed with black bars
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lower for 50% simulated activity reduction with factor β = 600 compared to 0% simu-
lated activity reduction. Only 17% simulated activity reduction showed sufficient lesion 
detectability compared to 0% simulated activity reduction.

Discussion
The purpose of the present study was to determine the possible injected  [68Ga]
Ga-DOTA-TATE activity reduction for digital PET/MR with BSREM reconstruction 
while maintaining at least equal image quality compared to the current analogue PET/
CT protocol. The results of this investigation show that digital PET/MR in combination 
with an increase of BSREM factor β up to 450 result in 17% injected activity reduction 
with quantitative values at least similar to analogue PET/CT, without compromising on 
PET/MR visual image quality and lesion detectability. Another major finding was the 
discrepancy of 50% versus 17% in possible activity reduction between the phantom and 
patient lesion detectability, which suggests that updating of the current NEMA IQ phan-
tom is needed for subcentimeter lesion detection in digital PET imaging.

The NEMA IQ phantom study revealed a 50% (3–1.5  min/bp)  [68Ga]Ga-DOTA-
TATE BSREM PET/MR activity reduction by increasing factor β from 300 to 600 with 
at least comparable BV (− 17%) and CNR (+ 7%) values to analogue OSEM3D PET/
CT. The finding that an increase in factor β enabled a reduction in injected activity was 
also observed in studies performed on a digital GE Discovery MI PET/CT scanner. This 
system is equipped with the same detectors, but in a 70 cm diameter bore configura-
tion. Performance evaluation of a 5-ring (25  cm FOV) system resulted in comparable 

Table 2 Visual image quality and interobserver inter-rater reliability for each simulated activity 
reduction

Statistically significant differences (p ≤ 0.05) in mean visual score compared with 0% simulated activity reduction with factor 
β = 300 determined by Friedman test with additional Dunn’s multiple comparisons test are indicated with asterisks

Simulated 
activity 
reduction

PET image quality

Nondiagnostic 
(0)

Poor (1) Moderate 
(2)

Good (3) Mean Score Cohen’s Kappa

Reader Reader Reader Reader

1 2 1 2 1 2 1 2

50%–β600 – – – 5 13 17 12 3 2.20* 0.05

33%–β450 – – – 1 19 9 6 15 2.40 0.04

17%–β450 – – – 1 10 2 15 22 2.72 0.27

0%–β300 – – – – 17 3 8 22 2.60 0.12

Table 3 Lesion detectability and inter-rater reliability for each simulated activity reduction

Statistically significant differences (p ≤ 0.05) in mean visual score compared with 0% simulated activity reduction with factor 
β = 300 determined by Friedman test with additional Dunn’s multiple comparisons test are indicated with asterisks

Number of lesions

50%‑β600* 33%‑β450 17%‑β450 0%‑β300

Reader 1 68 67 74 76

Reader 2 58 68 73 77

ICC (95% CI) 0.96 (0.90–0.98) 0.98 (0.97–0.99) 0.97 (0.94–0.99) 0.97 (0.94–0.99)
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system specifications [55, 56] and overall image quality performance with GE Signa 
PET/MR [55]. Chicheportiche et al. [39] found with a 4-ring (20 cm FOV) system a pos-
sible activity reduction of 67% (1.5–0.5 min/bp) in combination with increase in factor β 
from 400 to 1000 resulted in equal or improved BV and CNR values compared to the GE 
OSEM3D reconstruction. Santoro et al. [57] proposed the CRBV function, that incorpo-
rates both the CR and BV as a measure of image quality and demonstrated with a 3-ring 
system (15 cm FOV) a possible activity reduction of 50% (4–2 min/bp) when increasing 
factor β from 300/350 to 500 (for spheres ≥ 17 mm) compared to the original OSEM3D 
reconstruction.  [68Ga] phantom studies [49, 58–60] without activity reductions recom-
mend optimal factor β values between 600 and 1000. In the current study, lower sphere 
to background ratios were found to cause an increase of partial volume effects (PVE) 
(Fig. 1F), which corroborates with previous studies of Krokos et al. [60] and a  [18F] study 
of Yamaguchi et al. [61]. PVE affect mainly structures below 3 times full width half maxi-
mum (FWHM) of the reconstructed image resolution [62] (FWHM GE Signa PET/
MR ± 4.2 mm [40]) as can be seen for 13 mm sphere in Fig. 1F.

Consistent with the phantom analysis, the quantitative analysis of 25 PET/MR patients 
revealed that an increase of factor β compensates higher liver noise and lower lesion 
SNR caused by injected activity reduction. However, increasing factor β reduced lesion 
SBR and lesion SUVmax. These findings are consistent with similar  [68Ga] studies [39, 
49, 63]. A comparison in 6 patients between OSEM3D (PSF + TOF 3i21s/3 mm) PET/
CT and BSREM PET/MR showed a possible activity reduction of 67% using factor 
β = 600 without significant differences (p ≥ 0.05) in mean liver noise (-17%), lesion SNR 
(+ 8%), lesion SBR (+ 5%) and lesion SUVmax (0%). Subjective visual scoring analysis 
showed that the possible reduction was limited to 33% using β = 450 to ensure suffi-
cient visual image quality. Although, the variation in visual scores between readers for 
each patient was large (Cohen’s Kappa = 0.04), in contrary to lesion detectability with 
very little variation (ICC = 0.97) in number of lesions between readers for each patient. 
This objective analysis further limits the injected activity reduction to 17% with factor 
β = 450 to ensure adequate lesion detectability (> 96% of lesions detected). Without sig-
nificant differences (p ≥ 0.05) in lesion SNR (+ 29%), lesion SBR (+ 5%) and lesion SUV-
max (0%) and a significant (p ≥ 0.04) improvement of mean liver noise (− 36%). These 
findings were again compared with two studies concerning both digital 4-ring Discovery 
MI PET/CT scanners with OSEM3D (PSF + TOF, 3i16s/5 mm) and BSREM reconstruc-
tions. A  [68Ga]Ga-DOTA-TATE study of Chicheportiche et  al. [39] (N = 8, 2  MBq/kg, 
1.5 min/bp) found a possible reduction of 67% using factor β = 1200 with improved liver 
noise, lesion SBR and lesion SNR towards GE OSEM3D. This reduction was also found 
for overall visual image quality with β = 2400 (lowest value in visual analysis). Although, 
in accordance with the current study, this reduction was limited to 33% with factor 
β = 1400 to obtain sufficient lesion detectability. Consistent with the present study, a dis-
crepancy of 33% in possible activity reduction between phantom and lesion detectability 
analysis was found. A possible explanation for this might be that both patient studies 
included subcentimeter lesions. In the current study, 50% of the lesions had an equal 
or lower volume than the 10 mm sphere (0.52  cm3). Therefore, their lesion detectability 
was not covered by the current NEMA IQ phantom analysis. This provides further sup-
port for updating the current NEMA IQ phantom for subcentimeter lesions as proposed 
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by previous studies [59, 64–69]. A  [68Ga]Ga-DOTA-TOC study (N = 13, 2.3  MBq/kg, 
2 min/bp) of Lindström et al. [49] resulted in a comparable injected activity reduction of 
25% with factor β = 533 with significantly (p < 0.001) improved liver noise, SNR and SBR, 
while SUVmax remained within 20% of OSEM3D values. In addition, they found pos-
sible activity reductions of 75% in 68Gallium prostate-specific membrane antigen  ([68Ga]
Ga-PSMA) (N = 20, 2 MBq/kg, 2 min/bp) with factor β = 1200 [63]. Other  [68Ga] trac-
ers studies [19, 58, 60, 70, 71] reported optimized factors β between 400 and 1600. This 
wide range is partly caused by differences in biodistribution of different tracers which 
results in other optimal factor β values as demonstrated above by Lindström et al. [49, 
63] and also by and Baratto et al. [70]. This in combination with blurring of small lesions 
due the longer positron range of  [68Ga] could also explain the need for different optimal 
factor β values for  [18F]FDG [60]. Current study resulted in a lower factor β than other 
studies, which is related to several factors that result in a downward shift of this factor. 
The GE Signa has a higher count rate, sensitivity and spatial resolution than the PET/
CT systems [40–43, 55, 72]. The quantitative comparison with an analogue PET/CT 
and OSEM3D reconstruction with higher number of subsets and lower Gaussian filter 
results in noisier reference PET/CT images. Furthermore, injected activity × acquisition 
time product of this study was higher than used by Chicheportiche et al. [39] resulting 
in a higher amount of signal and less noise. And lastly, the inclusion of a large amount 
of subcentimeter lesions, which obtain more improvement of lesion SNR. This PET/MR 
study was focused on injected activity reduction instead of acquisition time reduction, as 
the time needed for the simultaneous acquired MR sequences was at least 3 min/bp. In 
addition to this, prolonging PET acquisition times to match that of time-consuming MR 
sequences in dedicated regional PET/MR imaging enable further reduction in injected 
activity [73–75]. A weakness in this study was the use of a modified instead of a MR 
attenuation map for the phantom analysis, which might have affected the measurements 
and might contribute to the discrepancies between the phantom and patient analysis. 
Although, the discrepancy in possible injected activity reduction between phantom 
and patient analysis in current study was similar to the discrepancy found by the PET/
CT study of Chicheportiche et al. [39]. The PET/CT patient comparison was limited to 
only a quantitative analysis of 6 older previous scans with sufficient image quality and 
equal number of lesions on PET/MR, instead of same day PET/CT scans with quantita-
tive and visual analysis, as it was considered unethical to prolong hospital visits dur-
ing the COVID-19 pandemic. The small sample and long period between the scans is a 
major limitation of this part of the study and makes the quantitative comparison results 
less reliable and generalizable. Although, the quantitative and visual comparison might 
also be affected by limitations of using DIXON based MR-AC for attenuation correction. 
Resulting in possible SUV bias in lesions near arms, metal implants, bone and air [17–
19]. Nevertheless, several studies [11, 19–21, 24, 25] revealed that the TOF capability of 
the GE Signa compensates well for image quality loss and SUV bias due to attenuation. 
Although, further development and validation of more accurate MR-AC algorithms is an 
ongoing research topic. Unfortunately, the preferred SUVpeak analysis was not feasible 
due to the large amount of sub centimeter lesions. Instead of this, SUVmax analysis was 
used which is more prone to noise and PSF artifacts [52, 59, 76]. Since lesion detect-
ability analysis was time consuming, a selection of only 4 reconstructions of 25 patients 
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were serially analyzed from short to long acquisition times. This used method might 
introduce recognition bias but is commonly used in this kind of studies. This is the first 
 [68Ga]Ga-DOTA-TATE GE Signa PET/MR with BSREM activity reduction study and 
results may not be valid for other scanners and reconstruction methods. Although, the 
evidence-based methods applied in this study can be used for future validation of other 
scanners, updated phantoms, optimization of guidelines and new reconstruction-based 
or deep learning approaches concerning PET image quality.

Conclusions
A reduction of 17%  [68Ga]Ga-DOTA-TATE injected activity in combination with 
BSREM factor β = 450 resulted in PET/MR images with quantitative values at least simi-
lar to the current PET/CT protocol, without compromising PET/MR visual image qual-
ity and lesion detectability.
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